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ABSTRACT
Much like the instrumentation in an experimental lab, computational chemists use computers
to solve the mathematical equations that describe the physics of electrons to understand
the chemistry involved. The combination of the two main components of computational
chemistry, the basis set and method, determines the \cost" (disk, memory, and cpu time) of
a computation. A variety of basis sets and methods have been developed in the past century.
The focus of this report is to accurately describe non{covalent interactions with the use
of various quantum computational techniques. In Chapter 1 a brief discussion on the theory
behind computational chemistry is discussed; along with the electronic problem. Chapter 2
reports the wide importance of non{covalent interactions and their subset, -interactions, are
to many biological processes. A discussion on how to achieve accurate interaction energies
through the use of the additive scheme, and the importance of basis set dependence on
higher-order correlation values, will be addressed in Chapter 3.
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Chapter 1
Introduction to Electronic Structure Theory
Today, various levels of electronic structure theory use dierent techniques to study the
behavior of electrons in molecules. To obtain an accurate description of the chemistry in
a given system, detailed analyses of the governing interactions involved in these systems
dictate which level of theory should be used. A level of theory is generally referred to as a
combination of a method and basis set, each of which will be described in more detail in the
following sections. First, the principles that set the foundation for quantum chemistry, i.e.,
the Schrodinger equation, the Born-Oppenhiemer approximation, and the Pauli-exclusion
principle are reviewed.
1.1 The Electronic Problem
Scientists are interested in the structure of matter. A description of the structure of matter
can be obtained by evaluating the non-relativistic, time-independent Schrodinger equation
[Eq. 1.1].
Hj	i = Ej	i (1.1)
where the H^ is the Hamiltonian operator is described by the positional vectors of both the
nuclei and electrons of the system, RA and ri, respectively. The Hamiltonian operator takes
1
into account the kinetic (T) and potential energy (V) of the nuclei and electrons [Eq. 1.2].
H^ = T^nucl + T^elec + V^nuc;nuc + V^nuc;elec + V^elec;elec (1.2)
Since nuclei are much heavier than electrons, the nuclei move slowly. As a result, the
nuclei can be considered xed in space, relative to the electrons. In this Born-Oppenheimer
Approximation, where the kinetic energy of the nuclei (Tnuc) is zero and the nuclear-nuclear
repulsion term (Vnuc;nuc) becomes a constant, simplifying the Hamiltonian to [Eq. 1.3]
H^elec = T^elec + V^nuc;elec + V^elec;elec + Vnuc;nuc (1.3)
To explicitly describe how the motion of electrons are dependent on the coordinates RA
and ri, the electronic wavefunction [Eq. 1.4] uses the electronic Hamiltonian operator [Eq
1.3] to solve the electronic Schrodinger equation.
 elec =  elec(frig; fRAg) (1.4)
By solving the electronic Schrodinger equation, the electronic structure of atoms and molecules
and the chemical properties of systems can be described. However, to completely describe
the N electrons in a system, the spin state of the electrons must be considered. The Pauli
Exclusion principle generally states that the wavefunction must be antisymmetric with re-
spect to the exchange of two electrons. This principle of antisymmetry is readily fullled
through the use of Slater determinants.
To obtain an antisymmetric wavefunction for a system with of N electrons, a square
2
matrix is constructed with each row corresponding to the spatial coordinates of one electron
(X1, X2,...,XN) and each column correpsonding to a particular spin orbitals (1, 2,...,N).
Because exchanging two rows of a square matrix changes the sign of the determinant, the
use of a Slater determinant guarantees the antisymmetry of the resulting wavefunction. The
normalization factor for this N electron system is N 1=2. The antisymmetric wavefunction
can then be written as a Slater determinant [Eq. 1.5].
	(x1; x2; :::; xN) = N !
 1=2

i(x1) j(x1)    k(x1)
i(x2) j(x2)    k(x2)
: : :
: : :
: : :
i(xN) j(xN)    k(xN)

(1.5)
1.2 Quantum Computational Methods
The simplest method, and the starting point of many quantum methods, is the Hartree-Fock
(HF) approximation in which the ground state is dened by a single determinant [Figure
1.1]. As a variational method, the lowest energy corresponds to the best wavefunction. The
HF-approximation is solved via the self-consistent eld method (SCF), by which an initial
guess of the spin orbitals is made to calculate an average eld from each electron to solve
the HF-equation. The HF-ground state [Eq. 1.6] is considered to be a reference to which all
other determinants are compared.
j	0i = j12   ab   Ni (1.6)
Excited determinants vary by how many electrons are excited from the occupied (a) HF
3
Figure 1.1: Hartree-Fock Ground State Determinant
ground state to an unoccupied virtual orbital (r) (1 e
 = singly excited, 2 e = doubly
excited, or N e =ininitely excited). Figure 1.2 pictorally shows a singly excited determinant
where one electron is promoted from an occupied orbital (a) to a virtual orbital (r). The
promotion of two electrons from occupied (a and b) to virtual orbital (r and s) is a
doubly-excited determinant [Fig. 1.3]. For a N -electron problem, excited state determinants
are important to obtain an accurate description of any state (i.e., ground or excited) of the
system. As a reference, the HF-ground state is then linearily combined with all possible
determinants to obtain the exact wavefunction for a given system [Eq. 1.7].
ji = c0j	0i> +
X
ra
craj	ra +
X
a<bjr<s
crsabj	rsab +
X
a<b<cjr<s<t
crstabcj	rstabc +    (1.7)
4
Figure 1.2: Singly excited determinant, 	ra
The dierence between the exact energy and Ea, the HF-reference, E0, is the correlation
energy will be referred to frequently in subsequent chapters.
Ecorr = Ea   E0 (1.8)
Other quantum computational techniques have been designed to systematically improve
the description of the electron correlation that is absent from the HF theory. The most
popular families are the Many-Body Perturbation theory (MBPT), Coupled-Cluster theory
(CC) and Conguration Interaction (CI) theory. These post-Hartree Fock methods build
o of the HF-reference by expanding the approximate many-electron wavefunctions. MBPT
uses a perturbative power series expansion while CC theory uses an exponential expansion.
5
Figure 1.3: Doubly excited determinant, 	rsab
In CI theory the linear expansion of the wavefunction characterizes the interactions of
dierent electronic congurations, and is the exact solution to the wavefunction. The full
conguration interaction (n-particle) limit includes all possible excited determinants. Un-
fortunately, the cost of these computations is very signicant scaling N!, where N is the size
of the system.
Second-order Mller Plesset perturbation theory, or MP2, is the least computationally
expensive ab initio wavefunction-based method that accounts for electron correlation. Con-
taining both single and double excitations, MP2 is very popular due to favorable scaling
O(N5), where N is proportional to the size of the system. However, MP2 can overesti-
mate the interaction energies of weakly bound systems by almost 2 kcal mol 1 and more
specically, by almost 80% with (Bz)2.
1 Because the MP3 approximation has been shown
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to be more reliable than that of the MP2 approximation,2 MP4 can be considered as an
improvement; however, in some cases MBPT has been shown to diverge.3
Coupled-cluster methods with single and double excitations (CCSD) and more impor-
tantly, perturbative triples (CCSD(T)) have been shown to produce results close to the FCI
limit. However, the computational costs for CCSD and CCSD(T) are higher than that of
MP2, scaling O (N6) and O (N7), respectively. The CCSD(T) method, or the \gold stan-
dard"4,5 of computational chemistry is presently considered to be the most accurate way
to obtain EInt. Unfortunately, calculations at this level are very computationally expensive,
and therefore become economically unfeasible for larger, aromatic systems.
Other methods that provide an accurate description of weakly bound complexes have
gained interest such as, Pulay's Quadratic Conguration Interaction method that con-
tains single, double and perturbative triple excitations (QCISD(T)).6 When compared to
CCSD(T), computations with the CCSD method have been shown to underbind interaction
energies by an amount almost equally negative to that of the MP2 overestimation.7 Im-
plementation of MP2 with a relatively small basis set proved to be sucient for obtaining
geometrical parameters but CCSD(T) with a larger basis set was needed to obtain reliable
interaction energies (EInt).
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It is important to note here that the relatively inexpensive density functional theory
(DFT) is not as reliable as the prevously mentioned wavefunction-based methods in the case
of non{covalent interactions. Results obtained with DFT dier greatly by the dominant
component of the interaction energy (i.e., electrostatics or dispersion). DFT should not be
used in cases where dispersion plays a signicant role since traditional DFT does not include
dispersion. More recently, the DFT method with an empirical dispersion term (DFT-D) has
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been shown to provide a promising description of dispersion. However, DFT-D is still not
as accurate as the previously mentioned wavefunction-based methods.
1.3 The Potential Energy Surface
As the solution to the electronic Schrodinger equation is dependent on the electronic coordi-
nates, any change in the position of the nuclei results in a change in the electronic energy of
the system. The electronic energy can then be determined as a function of the internuclear
separation, where one nuclei is centered on a three-dimensional surface (x1, y1, z1)=(0, 0,
0) and the other nuclei is found in its own individual coordinates (x1, y1, z1)=(0, r, 0).
As r changes, the energy of the system will change accordingly and thus giving rise to the
potential energy surface. A two-dimensional representation of the potential energy surface
is shown in Figure 1.4. The EInt is obtained by calculating the energy dierence between
the individual fragments and the bound complex. This is known as the supermolecular ap-
proach. The supermolecular approach has been previously described by Coulson to resemble
obtaining the weight of a captain as the dierence between the mass of the ship with and
without the captain.9 EInt are simply the negative of the dissociation energy (De). In general
these terms are used interchangably. However, De is located in one position on the potential
energy surface, i.e., the minimum energy point, whereas EInt can refer to the energy at any
point along the curve.
Describing the potential energy surfaces of weakly-bound systems proves to be a chal-
lenging task. For systems involved in -stacking, quantum methods produce varying results.
As previously stated, quantum methods dier by incorporation of electron correlation. As
more electron correlation is accounted for, computational cost increases. Furthermore, large
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Figure 1.4: Supermolecular dissociation (De) energy and interaction (EInt) energy
basis set are needed in conjunction with these expensive methods. In Chapter 3, the ba-
sis set dependence of higher-order correlation eects in dimer systems involved in -type
interactions will be discussed.
When modeling systems with non{covalent interactions, it is often desirable to obtain
an accurate description of the entire intermolecular potential energy surface. Qualitatively
incorrect conclusions can be obtained if a method cannot describe both dispersion and elec-
trostatic interactions. Even the popular ab intitio methods show discrepancies across the
potential energy surface. In the case of the acetylene dimer in a cross conguration, where
dispersion is a dominant interaction, the ab intitio methods can vary greatly even at the
CBS limit [Fig 1.5].
Figure 1.5 illustrates how none of the other methods (HF, MP2, or CCSD) provide a good
9
Figure 1.5: Performance of quantum methods for the acetylene dimer ((HCCH)2) in the
cross conguration at the estimated CBS limit.
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approximation to the most complete treatment of the correlation energy that is obtained with
CCSD(T). The least qualitatively correct method is the Hartree-Fock method where it shows
the dimer to be unbound. At large intermolecular separations the MP2 and CCSD methods
become good approximations. However, near the minimum energy point MP2 is shown to
overestimate the correlation energy while CCSD underestimates the correlation energy.
1.4 Basis Sets
One component that is essential to all ab initio methods is the introduction of a basis set.
An atomic orbital is used to describe the wavefunction of an electron and a molecular orbital
is used to describe the wavefunction of electrons in a molecule. Molecular orbitals are formed
through a linear combination of atomic orbitals. Atomic orbitals are also referred to as basis
functions which are combined to form a basis set. The expansion of a molecular orbital is not
an approximation if the basis set is complete. A complete basis set means that an innite
number of functions must be used. However, employing a complete basis set is unfeasible in
practice for anything other than very small systems.
Like many aspects of computational chemistry, the choice of basis set is dependent on
the system being investigated. As system size increases, more basis functions are needed
to descibe the chemistry. Therefore, only in case of approximately 30 atoms or less can
one obtain answers at the CBS limit. When a nite basis set is used, only the molecular
orbitals along the coordinate axes that corresponds to the selected basis set are represented.
Finite basis sets fall into two general categories: 1) minimal and 2) extended. The relatively
inexpensive minimal basis set is one that only describes the bare minimum of occupied atomic
orbitals for a given atom. Consider the atoms, H and He, a minimal basis set would contain
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1 function, 1s. Further on, ve functions would constitute the minimal basis set for the
rst row atoms Li{Ne and 9 functions for atoms Na to Ar. Minimal basis sets are typically
used in cases of large molecules, i.e., proteins and large clusters. Qualitative descriptions
of systems can be obtained with minimal basis set: however, administration of an extended
basis set provides a more quantitative description.
1.4.1 Slater and Gaussian Orbitals
Basis functions are chosen to resemble the exact hydrogen atom wavefunctions. Slater Type
Orbitals (STOs) t this functional form as an exponential that decays with the power of r.
Equation 1.9 show the normalized STO that is centered around an atom at (0, 0, 0).
STO = (
3

)1=2e r (1.9)
However, the computationally dicult integral evaluations can be simplied by using
Gaussian Type Orbitals (GTOs). which dier by decaying as r 2. The dierence in the
behaviors of the two can be compensated for by approximating an STO with multiple GTOs.
GTO = (
2

)3=4e r
2
(1.10)
Extended basis sets give a more detailed description of the orbitals through the incorpo-
ration of additional basis functions. The next improvement in the basis set is the doubling
of all basis functions, which is also known as a double- basis set. The zeta term () refers
to the exponent of the STO basis functions that is often denoted by the greek letter .
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For the hydrogen atom, a double- basis set would employ two s-functions and for rst row
atoms would employ four s-functions and two sets of p-functions. Furthermore, triple- basis
sets contain three times as many functions as a minimal basis set and quadrupole contains
four times as many functions. Instead of doubling and tripling all of the basis functions,
computational chemists often use split{valence basis sets, which only incorporate additional
basis functions for valence electrons. Split{valence basis sets oer an advantage of exibility
over a minimal basis set description by splitting a single orbital into a linear combination of
multiple orbitals of dierent sizes.
The general syntax of the popular Pople-style split{valence basis set has been shown in
various ways. Here, we will use a-bcG or a-bcdG to note the general structure, where a is the
number of primitive Gaussian for the core electrons and, bc denotes the number of GTOs
used for the valence electrons. G simply stands for Gaussian. The dierence between the
bc and bcd extension is that the bc indicates a double- quality basis set (6-31G) while bcd
indicates triple- quality (6-311G).
In many cases, to accurately describe weakly-bound systems, basis sets that include
polarization and diuse functions are needed. The addition of polarization functions adds
another p function to the basis set whereas, the addition of diuse functions adds a d
function. Typically, augmentation of a basis set is key to acheiving accurate results. The
most popular types of augmentation are the addition of polarization or diuse functions.
The addition of polarization functions is shown with a split{valance basis set as \*" sign.
The addition of polarization to heavy atoms is denoted by one \*", where the addition
of polarization to heavy and hydrogen atoms is denoted by two \* *". Diuse functions
incorporate an additional d function and are denoted by a \+". For example, a double-
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basis set with duuse functions on both the heavy and hydrogen atoms is denoted as 6{
31++G, and with polarization functions only on heavy atoms would be, 6{31G*. In many
cases, people prefer the explicit description of higher-angular momentum functions, where
instead of a \*" the additional functions are listed as (d,p).
Improvement of split{valence basis sets to the CBS limit is not systematic, meaning that
the most accurate answer is not always obtained by increasing the size of the basis set.
Systematic improvement within basis families did not occur until Thom H. Dunning Jr., in-
troduced the computational community to the correlation-consistent basis sets.10 Dunning's
basis sets are written in the form, cc-pVXZ, which stands for correlation{consistent polar-
ization valence X- where the X=D, T, Q, 5, 6, 7. To smoothly converge these basis sets
basis functions are added in shells. Take for example the carbon atom. A cc-pVDZ basis set
would consist of 3s2p1d, and a cc-pVTZ would consist of 4s3p2d1f. Just like other basis sets,
the correlation-consistent basis sets can be augmented by adding one set of diuse functions
for each atom present and is denoted as aug-cc-pVXZ. Augmentation of the double- basis
for carbon would then contain an extra s,p and d function, containing a total of 5s4p3d1f
functions. Not only are these basis sets state-of-the-art, but they also become very large,
and in turn expensive. Various groups have reported the slightly smaller variation of the
aug-cc-pVXZ basis sets, which can be referred to as heavy-aug-cc-pVXZ.11 The heavy-aug
only contains diuse functions on the heavy atoms (e.g., C, N, and P atoms) and have been
shown to perform reliably when compared to the fully augmented cc-basis sets (Figure 1.6).
Figure 1.6 shows the basis set convergence for the acetylene dimer, or (HCCH)2. More im-
portantly, it can be seen that by increasing the cardinal number of the basis set (X= D, T,
or Q) the convergence to the CBS limit is slower than that of the augmented basis sets.
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Figure 1.6: Basis Set Convergence Towards the CBS Limit: (HCCH)2
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Chapter 2
Accurately Describing Non{covalent Interactions
2.1 Non{Covalent Interactions
Interactions between atoms, or groups of atoms, is directed by chemical bonding. However,
the description of a chemical bond is often open to interpretation. In a general sense,
bonding, whether covalent or non{covalent, is dependent on the overlap of orbitals of the
two interacting subsystems. Covalent and non{covalent bonds dier in many ways. Covalent
bonds are formed through the sharing of electrons due to overlap of partially occupied
orbitals, whereas non{covalent interactions occur at distances of several angstroms where
there is no direct interaction of orbitals. In contrast to a typical covalent bond, non{covalent
interactions are often referred to as weak interactions, some much more weaker than the
other (i.e., hydrogen bonding, 102 KJ mol 1 or dispersion, 10 1 KJ mol 1). Non{covalent
interactions were rst recognized by J.D van der Waal in late 1800's in which he was able to
reformulate the ideal gas equation.12 Unlike covalent bonds, non-covalent bonds lead to the
formation of clusters instead of the formation of molecules.
The interaction between two or more uncharged molecules is a combination of four well-
dened components i.e., electrostatics, induction, dispersion and exchange-repulsion. It is
well known that the interaction between complexes needs to take into account all of the
attractive and repulsive energy terms. A large source of the repulsive force is due to the
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quantum mechanical exchange-repulsion term. Electrostatics, induction and dispersion make
up the attractive terms. Electrostatics, or the interaction between permanent multipoles, is
more easily described in terms of electromagnetic theory, where like charges repel and oppo-
site charges attract. Induction takes place between an induced multipole and a permanant
multipole, and is commonly described as the static interaction between a balloon and a
wall. The other mainly attractive force is dispersion. Unlike electrostatics and induction,
the description of dispersion is merely quantum mechanical.
Dispersion interactions were rst quantum mechanically described by F. London,13,14 as
a change in the electron density gives rise to an instantaneous dipole in one fragment that in
turn induces a dipole in another nearby fragment. This concept was described more uidly
by Paresegian,15 in which dispersion can be thought of as two boats rocking about in rough
waters. As the waves push against the boats in all directions, except that of which is blocked
by the neighboring boat, the boats are pushed together. As seen, dispersion interactions
are attractive in Nature and the accurate treatment of these interactions is essential for
obtaining interaction potentials.
Non{covalent interactions are ubiquitous throughout Nature. Typically, the most sig-
nicant non{covalent interactions, in terms of strength, are those directed by electrostatic
interactions, such as hydrogen bonding. Close behind these relatively strong interactions,
are those that involve an aromatic  systems16 with -type interactions. Interestingly, in-
teraction energies of systems containing delocalized -orbitals approach those of hydrogen
bonded systems. In any case, -type interactions hold signicant purposes to supramolecular
chemistry,17,18 or descibed by Lehn as \the chemistry beyond the molecule".19 Burley and
Petsko predicted that apporoximately 60% of aromatic side chains in protein participate in
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- interactions.20,21 Chemical applications of -interactions are found throughout medicinal
chemistry, ranging from drug delivery to host-guest chemistry.22{24 Various other biological
processes are governed by non-covalent interactions, i.e. protein folding and DNA stabiliza-
tion, and more recent studies suggest that the role of ion channel selectivity is directed by
cation- interactions.25
Because of the widespread importance of non-covalent interactions, much focus has been
directed to studying this crucial topic of -type interactions. The study of non{covalent
interactions has proven to be a challenge for both experimental and theoretical chemists. For
experimentalists, the characterization of non-covalent interactions is associated with solvent
eects. For theorists, these - interactions, most notably those involved in stacking, are
dicult to isolate as they usually consist of an aromatic system interacting with a side chain
attached to a much larger molecular system. The size of these systems are currently too
large to obtain a high-level quantum-chemical description. In lieu of this problem, smaller
prototypes have been suggested.
2.2 Prototypes of -Type Interactions
Characterizing the potential energy surfaces (PES) of dimer systems, particularly those dom-
inated by dispersion interactions, has been the focus of substantial interest. Understanding
these interactions can help us understand important biological systems such as DNA26 and
protein{ligand binding.20
Main intermolecular stabilizing forces found in the benzene dimer, i.e., dispersion and
electrostatics, mimic those found in large biomolecules. As such, the benzene dimer is per-
haps the simplist and most widely studied prototype of - interactions. Due to contrasting
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Figure 2.1: Three prototypical congurations of the benzene dimer: a)parallel-displaced,
b)t-shaped and c)stacked
theoretical and experimental results, various theoretical studies have examined the relative
strengths of dierent geometries. Much work has been focused on the characterization of
what are now known as the three prototypical structures (Figure 2.1): (a) parallel-displaced
(b) T-shaped, and (c) stacked. The combination of experimental and theoretical reports
suggest the most favorable geometries, t-shaped and parallel-displaced congurations, are
nearly isoenergetic,27,28 followed by the less stable stacked conguration. The theoretical
intermolecular characterization of the benzene dimer has only recently been understood
through the application of sophisticated quantum computational methods.
The benzene dimer has become a standard model for analyzing these - interactions;
however it fails to reproduce binding energies comparable to important biological systems
of interest due to the lack of heterogeneity. Therefore, heteroatom dimer systems play an
integral role in understanding these biological systems. Hunter and Sanders characterize
aromatic interactions stating that the repulsion between two ring structures is caused by an
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electron-donating substituent on one ring causing a concentration of charges on the opposing
-cloud.29
Computational and experimental studies have corroborated this electrostatic model. Not
only do electrostatic and dispersion forces enhance - interactions but Arnstein and cowork-
ers found that exchange-repulsion terms are yet another contributing factor to - interac-
tions through their examination of the substituted benzene dimer.30 Ringer showed that the
-interaction in the sandwich congured benzene dimer is not only due to electrostatics and
that the complexity of these interactions needs to be examined thoroughly.31
The azabenzene systems, e.g., pyridine and pyrimidine, provide insight as to how the
exchange-repulsion interaction signicantly changes the description of the potential energy
surface. Interactions between the azabenzene (e.g. borazine,32 1,2,3-triazine,33 pyridine34,35
and pyrimidine36,37) and benzene systems are much stronger than the benzene dimer.37{40
The focus of such studies have mainly been on the interactions in the well known conforma-
tions; t-shaped, cross, parallel-displaced and stacked. To gain a better understanding it is
important to examine all possible conformations in these systems.
Hobza and Sponer found that at the CCSD(T)/cc-pVDZ level of theory the antiparallel-
displaced conformation of the pyrimidine dimer was the most energetically stable.41 Mishra
et al. conrmed the work by Hobza in a study on N-heteroaromatic systems, in which op-
timizations were performed at the MP2/6-311++G(textitd,p) and energies obtained at the
CCSD(T)/CBS level of theory.42 Continuing work on the pyrimidine dimer, McCarthy lo-
cated four stable conformers with good agreement between infrared spectrometry and com-
putational methods.43
Work on the pyridine dimer show some inconsistencies. Piacenza performed full geome-
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try optimizations on the pyridine dimer that yielded seven low lying structures. DFT-D and
SCS-MP2/aug-cc-pVTZ energetics were compared to show the energy dierence between the
two methods. DFT-D showed the minimum energy structure was a hydrogen bonded system
whereas SCS-MP2 and MP2 suggested that a Stacked 160  conformation was most stable.35
Around the same time, Mishra and coworkers also reported pyridine dimer structures opti-
mized at the MP2/6-311++G** level, in which the antiparallel-displaced geometry was the
most stable.44 Hohenstein and Sherrill examined both Pyd-Pyd and and Bz-Pyd with sym-
metry adapted perturbation theory (SAPT) and found that in the presence of a heteroatom,
the benzene ring was bound tighter, preferring the parallel-displaced conformation.45
As much of computational chemistry involves reducing computational costs, various
smaller prototypes have been suggested to model these large aromatic systems. By introduc-
ing more compact models to study -interactions a more detailed analysis can be performed
at much higher levels of theory.
The following smaller prototypes are only just a few to model larger aromatic systems.The
most popular list of these prototypes is found in the S22 data set by Jurecka et. al. High
level (CCSD(T)/CBS) computations provide accurate energies for systems dominated by
dispersion interactions and provide insight on the chemistry for larger systems.
2.2.1 Hydrogen and Carbon Containing Systems
Acetylene Dimer: (H CC H)2
One of simpilest alkynes used to model benzene is the acetylene dimer. One main dierence
between the benzene ring and acetylene is that acetylene does not contain delocalization of
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the -orbitals due to lack of aromaticity. Various studies have examined the structure and
energetics of the acetylene dimer through microwave and infared spectroscopy. The most
stable stucture is a hydrogen-bonded C2v structure, followed by a parallel-slipped congura-
tion. Karpfen has reported theoretical data to classify the dimer minima in agreement with
previous experimental reports.46
Diacetylene Dimer: (H CC CC H)2
Diacetylene plays many signicant roles in Nature. Prevalent, to combustion and the com-
position of atmospheric ozone, the study of diacetylene has taken many dierent paths. The
most relevant to non-covalent - interactions is the theoretical application to modeling ben-
zene. Theoretical studies noted that the diacetylene molecule behaves much like the benzene
dimer and is suggested to be a useful prototype for - interactions.47 In the same study of
acetylene, Karpfen characterized six diacetylene structures.46
As the acetylene and diacetylene dimer exhibit - interactions, these dimers were sub-
jects for the study of higher-order correlation eects (Chapter 3). Both characteristic of
interactions exhibited in the benzene dimer, these dimers shed light on the how the pres-
ence of delocalization versus localization of the -orbitals aects the performance of various
quantum methods.
2.2.2 Carbon, Nitrogen and Phosphorus Containing Systems
As all intermolecular interactions contain dispersion forces, the accurate treatment of dis-
persion is critical to obtaining reliable potential energy curves. As previously seen, the most
popular quantum mechnical method is CCSD(T) with a large basis set, which in many cases
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is not feasible to apply to larger systems. In order to nd a method that can reliably de-
termine interaction energies for systems containing - interactions, (P2)2, (NCCN)2 and
(PCCP)2 were evaluated in a collaborative study with Georgia Tech.
The challenging systems of (P2)2, (NCCN)2 and (PCCP)2 not only have been shown to
produce large higher-order correlation eects (Chapter 3) with the popular MP2 and CCSD
methods but further descriptions of these systems show how truly tasking these systems can
be. These seemingly simple systems are largely dominated by dispersion forces.
In collaboration, these systems (i.e., (NCCN)2, (P2)2 and (PCCP)2) were further inves-
tigated with 14 dierent levels of theory. Potential energy curves computed at the !B97-
D/aug-cc-pVTZ level of theory and those used to extroplate to the CBS limit for the MP2,
CCSD and CCSD(T) methods were performed here at the University of Mississippi, where
all other methods reported in gures 2.4{2.6 were performed at Georgia Tech. Implemen-
tation of symmetry adapted perturbation theory (SAPT) on NCCN, P2 and PCCP dimers
showed the magnitude of the dispersion component. Table 2.1 reports the magnitude of
the dispersion energy relative to the SAPT2+3(CCD) interaction energy for CCSD(T)/CBS
equlibrium geometry of the NCCN, P2 and PCCP dimers.
The magnitude of the dispersion interaction seen in the NCCN dimer is much larger in the
cross conguration than with the parallel-displaced and t-shaped conguration. However,
both the P2 and PCCP dimers, appear to be highly dominated by dispersion in any give
conguration. Thus, it would seem that phosphorus containing systems are very sensitive to
the treatment of dispersion. Finding a method that can accurately describe these systems
is vitally important. Figure 2.3 shows the average errors of various methods. The method
with the least amount of error was SAPT2+3(CCD), with maximum errors relative to the
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Table 2.1: The magnitutude of the dispersion energy relative to the total SAPT2+3(CCD)
interaction energy estimated at the CCSD(T)/CBS limit equilibrium geometries
Structure NCCN PCCP (P2)2
Cross 333% 205% 240%
Parallel-displaced 116% 216% 250%
T-shaped 96% 194% 234%
E. G. Hohenstein, H. M. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. JCTC (submitted)
CCSD(T)/CBS curve for all dimers and congurations less than 0.2 kcal mol 1.
Cyanogen Dimer: (NC CN)2
The rst studies on the cyanogen dimer emerged in 1984 when nine dierent structures were
analyzed by Hasaneinn48 at the Hartree Fock level of theory. Hartree Fock theory was proven
to be insucient, as an accurate description of electron correlation is needed in this system.
Experimental reports49 identied the t-shaped structure of cyanogen and theoretical reports
concluded that the t-shaped structure was the global minimum on the potential energy
surface.50 The NCCN dimer has gained more interest as it has been previously reported to
model azabenzene systems.51
More recently, high level CCSD(T)/CBS potential energy curves were generated for the
cyanogen dimer. Relative to the CCSD(T)/CBS, thirteen other methods were compared
to evaluate how the dispersion component is accounted for the NCCN dimer. The best
performance relative to the CCSD(T)/CBS level of theory over all dimer congurations was
seen with the SCS(MI)-MP2 method. Figure 2.4 shows the potential energy curves for the
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three congurations of the NCCN dimer. Qualitatively, we can see the erratic behavior of
most of the density functional theory (DFT) functionals compared to the CCSD(T)/CBS
curve in the cross conguration. However, the M05-2X with an aDZ basis set performs well
compared to the other DFT functionals. Overall the congurations for the NCCN dimer,
the MP2.5/aQZ and SCS(MI)-MP2/TZ levels of theory each provide a reliable description
of the CCSD(T)/CBS curve.
Diphosphorus Dimer: (PP)2
The P2 dimer, studied mainly through experiment, is an analog of the smallest closed shell
dimer, N2. High level potential energy curves computed for the P2 dimer show just how
challenging an accurate description of -type interactions can be. Figure 2.5 shows the
qualitative performance of various DFT and wavefunction based methods in the three pro-
totypical congurations; cross (X), parallel-displaced (PD) and t-shape (T).
1,4-diphosphabutadiene Dimer: (PC CP)2
As the phosphorus analog to the cyanogen dimer, PCCP was scaresly found in the literaure.
Because experimental studies have not been able to characterize the geomterical parame-
ters, PCCP has gained the interest of computational chemists in the past decade.50,52{55
Intramolecular distances have been previously reported at various levels of theory. The
intermolecular characterization of the PCCP dimer has just recently been performed.56
The rst reported potential energy curves [Fig. 2.6] for the PCCP dimer were also
reported in the collaborative study with Georgia Tech. The PCCP dimer proves to be a
challenge for most theoretical methods. The levels of theory that deviate the least from
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the CCSD(T)/CBS curves are MP2C/aTZ, SCS-MP2/TZ and B97-D/aTZ. Reported were
the contrasting preference of methods for the description between P2 and PCCP dimers.
For example, employing the DFT-D functional, B97-D, for the PCCP dimer resulted in
small deviations (Figure 2.6). However, the B97-D functional performed rather poorly for
the P2 dimer. Also, the P2 dimer was well described that the XYG3/6-311+G(3df,2p) and
SCS(MI)-MP2/TZlevels of theory.
As these systems provide signicant dispersion contributions to the interaction energy,
they should be used to benchmark newly released methods. Systems involving in -type
interactions are important to reliably, and eciently reproduce the highest level of theory
(CCSD(T)/CBS) applicable to these small systems. In Chapter 3, a popular way to estimate
the CCSD(T)/CBS is introduced (i.e, the delta correction) along with how the the choice of
basis set can aect the higher-order correlation value relative to the CCSD(T)/CBS level of
theory.
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Benzene Prototypes
Indole/Benzene Prototypes
Figure 2.2: Five compact systems involved in -type interactions: (a) acetylene, (b) diacety-
lene, (c) diphosphorus, (d) cyanogen and (e) 1,4-diphosphobutadiene
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Figure 2.3: Overall errors for NCCN, PCCP and P2 dimers at equilibrium with various
methods
E.G.Hohenstein, H. M. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. JCTC
(accepted).
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Figure 2.4: Performance of various methods for the NCCN dimer in three congurations; X
(left), parallel-displaced (middle) and t-shaped (right)
E. G. Hohenstein, H. M. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. JCTC
(accepted)
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Figure 2.5: Performance of various methods for the P2 dimer in three congurations; X
(left), parallel-displaced (middle) and t-shaped (right)
E. G. Hohenstein, H. M. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. JCTC
(accepted)
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Figure 2.6: Performance of various methods for the PCCP dimer in three congurations; X
(left), parallel-displaced (middle) and t-shaped (right)
E. G. Hohenstein, H. M. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. JCTC
(accepted)
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Chapter 3
Basis Set Dependence of Higher-Order Correlation Effects in -Type
Interactions
3.1 Abstract
The basis set dependence of higher-order correlation eects on -type interaction energies
was examined by scanning the potential energy surfaces of ve dimer systems. The dimers of
acetylene (H CC H), diacetylene (H CC CC H), cyanogen (NC CN), diphos-
phorous (PP) and 1,4-diphosphabutadiyne (PC CP) were studied in three dierent
congurations; cross, parallel-displaced and t-shaped. More than 800 potential energy curves
(PECs) were generated by computing the interaction energies for all 15 dimer congurations
over a range of intermolecular distances with the MP2, CCSD and CCSD(T) methods in
conjunction with 21 basis sets ranging from the small 6-31G*(0.25) split-valence basis set to
the large aug-cc-pVQZ. Standard extrapolation techniques were also used to construct MP2,
CCSD and CCSD(T) complete basis set (CBS) limit PECs. Over a range of intermolecu-
lar distances the dierences between CCSD(T) and MP2 interaction energies, denoted as

CCSD(T)
MP2 , computed with the aug-cc-pVQZ basis set deviates from the CBS values by no
more than 0.021 kcal mol 1, whereas the corresponding dierences between CCSD(T) and
CCSD interactions energies, denoted as 
CCSD(T)
CCSD , are even smaller (0.016 kcal mol
 1). With
a maximum deviation of 0.170 kcal mol 1 (0.071 kcal mol 1 if P-containing dimers are ex-
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cluded), aug-cc-pVTZ is the triple- basis set that most accurately reproduces the 
CCSD(T)
MP2
and 
CCSD(T)
CCSD CBS values. Deviations from the CBS values with the most accurate double-
basis set, aug-cc-pVDZ, were at most 0.463 kcal mol 1 (0.332 kcal mol 1 if P-containing
dimers are excluded). In addition, counterpoise (CP) corrected PECs were computed for
all double- and triple- basis sets. In general, CP corrections did not oer any signicant
improvement, and they typically increased deviations from the CBS limit higher-order cor-
relation corrections.
3.2 Introduction
Non{covalent interactions inuence many important chemical and biological processes. For
example, -stacking interactions between aromatic groups are signicant to DNA base pair
stacking and protein folding.16,57,58 Presently, the most reliable method for describing the
entire spectrum of non{covalent interactions for a wide range of systems and congurations,
particularly those in which dispersion forces are signicant, is the coupled-cluster technique
that includes all single and double substitutions as well as a perturbative approximation
of connected triples (i.e., the CCSD(T) method).4,5 Unfortunately, CCSD(T) calculations
with suciently exible basis sets have rather excessive computational demands and cannot
routinely be performed on systems containing more than roughly a dozen non-hydrogen
atoms.
To estimate large basis set CCSD(T) interaction energies (Eint) for non{covalent com-
plexes, many groups6{8,47,51,59{64 have utilized the additive approach in which a CCSD(T)
correction obtained with a relatively small basis set (typically double- quality) is combined
with an Eint computed with a lower-level method and larger basis set(s), often providing an
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estimate of the complete basis set (CBS) limit. The most common correction is the dierence
between CCSD(T) and MP2 interaction energies. Although often denoted CCSD(T) or
even (T), we use the notation 
CCSD(T)
MP2 to dierentiate between similar corrections. For
example, 
CCSD(T)
CCSD indicates the dierence between CCSD(T) and CCSD interaction energies
computed with the same basis set. See Section 3.3 for more details and denitions.
The success of this additive approach rests on the rapid convergence of higher-order corre-
lation eects, such as 
CCSD(T)
MP2 and 
CCSD(T)
CCSD , with respect to the size of the basis set. Recent
studies, however, have raised some concerns about the sensitivity of these corrections to the
identity of the basis set.6,7, 65,66 Janowski and Pulay reported that the dierences between
QCISD(T) and MP2 interaction energies, 
QCISD(T)
MP2 , for the benzene dimer can change by
nearly 0.3 kcal mol 1 between double- and triple- correlation consistent basis sets.6 For
the systems like the benzene dimer, counterpoise (CP) corrections67,68 for basis set super-
position error (BSSE)69,70 appear to decrease these dierences, but discrepancies between
double- and triple- correlation consistent basis sets can still exceed 0.1 kcal mol 1 for both
CP-corrected 
QCISD(T)
MP2 values
6 and CP-corrected 
CCSD(T)
CCSD results.
7 For several dimers in the
popular S22 database,59 CP-corrected 
CCSD(T)
MP2 higher-order correlation corrections obtained
with the aug-cc-pVDZ basis set deviate from the aug-cc-pVTZ values by a couple tenths
of a kcal mol 1.66 Dierences of this magnitude can be comparable to the mean absolute
deviations associated with some of the more promising methods being developed to reliably
describe non{covalent interactions, which provided much of the motivation and justication
for a recent revision66 to the S22 database59 and the S66 database.71
Studies like those mentioned in the previous paragraph highlight both the importance
and the challenges of computing higher-order correlation corrections for non{covalent com-
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plexes with large basis sets. The current work presents MP2, CCSD and CCSD(T) po-
tential energy curves (PECs) computed with basis sets as large as aug-cc-pVQZ for the
homogeneous dimers of ve linear molecules, acetylene (H  C  C  H), 1,3-butadiyne
(H  C  C  C  C  H, also called diacetylene), cyanogen (N  C  C  N), diphospho-
rous (P  P) and 1,4-diphosphabutadiyne
(P  C  C  P). Benchmark CBS limit PECs are generated from the correlation consistent
family of basis sets, but many other basis sets are also examined to see which, if any, can
consistently reproduce the CBS limit 
CCSD(T)
MP2 and 
CCSD(T)
CCSD higher-order correlation correc-
tions over a wide range of congurations and intermolecular distances. Although relatively
small (no more than a dozen atoms), these dimers are quite useful prototypes for -type
non{covalent interactions,47,63,72,73 and it can be quite challenging to reliably describe the
dispersion forces in some of these systems.74
3.3 Theoretical Methods
Rigid, linear monomer geometries were adopted for all computations. Experimental bond
lengths were taken from Herzberg75,76 for HCCH (r(CC) = 1.2030 A and r(CH) = 1.0600
A), P2 (r(PP) = 1.8943 A) and NCCN (r(CC) = 1.3839 A and r(CN) = 1.1578 A), whereas
the empirical equilibrium bond lengths for HCCCCH came from Reference 77 (r(C C) =
1.3727 A, r(CC) = 1.2085 A and r(CH) = 1.0617 A). Although PCCP has been observed
experimentally, structural characterization was not feasible, and no experimentally inferred
geometrical parameters were reported.54 As such, the bond lengths for PCCP used in this
study (r(CC)=1.35560 A and r(CP)=1.58597 A) were obtained from a low-level geometry
optimization with the B2PLYP-D dispersion corrected double-hybrid functional level with
35
Figure 3.1: Three dimer congurations adopted in this study and the parameters used to
characterize the separation between fragments.
the cc-pVDZ basis that employed a rather loose convergence criterion of 1:510 3 Eh bohr 1
for the maximum force along the CC and PC bonds that was performed with Gaussian 09.78
These values are entirely consistent with CCSD(T) optimizations with correlation consistent
triple- basis sets.55
Potential energy curves (PECs) of the dimer structures were computed in three dier-
ent congurations; cross (X), parallel-displaced (PD) and t-shaped (T). These prototypical
congurations are depicted in Figure 3.1 for (PCCP)2 but are also applicable to (HCCH)2,
(P2)2, (NCCN)2 and (HCCCCH)2.
The D2d X-conguration is depicted in Figure 1(a), where the arrow indicates the inter-
molecular distance (R) between the mid-points of the central bond of each monomer where
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the torsional angle between the monomers about this axis is exactly 90 degrees. For the
C2v T-conguration, the arrow shown in Figure 1(b) depicts the intermolecular distance (R)
between the mid-point of the central bond that is perpendicular to the C2 rotational axis of
symmetry and the closest atom in the other monomer that lies on the C2 axis of symmetry.
The C2h parallel-displaced structures are dened by 2 intermolecular parameters. R is again
used to indicate the separation between the monomers, specically the distance between the
two parallel lines dened by the linear monomers (denoted by the vertical arrow in Figure
1(c)). The other intermolecular geometrical parameter for the PD congurations is the dis-
placement of the monomers along the aforementioned parallel lines relative to a rectangular
(or sandwich) D2h structure. In Figure 1(c), this \horizontal slip" distance is labeled RS
and denoted by the horizontal arrow. The RS coordinate was xed at a value of 3.00 A for
(HCCH)2, 1.90 A for (HCCCCH)2, 2.80 A for (NCCN)2, 2.31 A for (P2)2, and 2.66 A for
(PCCP)2. These values roughly correspond to the average of MP2 and CCSD(T) optimized
RS parameters (details in the electronic supporting information).
In this work, the PECs were generated by scanning over R for each conguration of the
ve homogeneous dimers. Hartree-Fock (HF), MP2, CCSD and CCSD(T) electronic energies
were computed at each point along the curve with a diverse group of basis sets. Table 3.1
lists the basis sets along with the corresponding number of basis functions for the various
atoms.
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Table 3.1: Number of basis functions associated with each basis set for dierent atom types
Basis Set H C,N P
6-31G*(0.25) 2 14 18
DZ 5 14 18
DZP 5 15 23
DZP+ 5 19 27
DZP++ 6 19 27
TZ2P 9 18 24
def2-SVPD 8 20 24
haDZ 5 23 27
aDZ 9 23 27
def2-TZVP 6 31 37
TZ 14 30 34
TZ2P(f,d) 14 31 38
def2-TZVPP 14 31 42
def2-TZVPD 9 37 43
TZ2P(f,d)+ 14 35 42
TZ2P(f,d)++ 15 35 42
haTZ 14 46 50
aTZ 23 46 50
QZ 30 55 59
haQZ 30 80 84
aQZ 46 80 84
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The smallest is a modied split-valence basis set, 6-31G*(0.25),79 where the orbital ex-
ponents of the d polarization functions are 0.25 for all non-hydrogen atoms instead of the
standard 0.80 for C and N atoms or 0.55 for P. The double-, triple- and quadruple- series
of Dunning's popular correlation consistent basis sets (cc-pVXZ or simply XZ) was also
employed,80,81 including those augmented with diuse functions (aug-cc-pVXZ or simply
aXZ). For systems containing H atoms, a variant was also examined in which diuse func-
tions are only added to heavy (i.e., non-hydrogen) atoms (denoted haXZ where X = D, T,
Q). Many other basis sets were also examined. This includes variations of the DZP double-
basis sets with a single set of polarization functions,82{84 some of which are augmented with
even-tempered diuse functions85 for all atoms (DZP++) or just the non-hydrogen atoms
(DZP+). A similar series of the triple- basis set with two sets of polarization functions was
also studied (TZ2P, TZ2P+ and TZ2P++),82,86 as well as modications that include a set of
higher angular momentum functions (TZ2P(f; d), TZ2P(f; d)+ and TZ2P(f; d)++) where
d = 1:00 for H, f = 0:80 for C, f = 1:00 for N and f = 0:45 for P. Members of the def2
family of basis sets, specically def2-SVPD, def2-TZVPD and def2-TZVPP,87 were also used
to generate PECs and examine the basis set dependence of higher-order correlation eects.
Standard extrapolation techniques were used to generate complete basis set (CBS) limit
PECs. The HF energy is known to converge geometrically to the CBS limit for the correlation
consistent series of basis sets.88,89 The three-parameter exponential function suggested by
Feller89 was used to extrapolate to the HF CBS limit energy from the corresponding aXZ
HF energies.
EaXZHF = E
CBS
HF + a exp( bX) (3.1)
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For a sequence of three basis sets, aDZ, aTZ, and aQZ in the present study, the t can be
reduced to the following algebraic expression.
ECBSHF = E
aQZ
HF  
(EaQZHF   EaTZHF )2
EaDZHF   2EaTZHF   EaQZHF
(3.2)
In contrast, the correlation energy converges more slowly, and the simple two-parameter
inverse cubic function of Helgaker et al.90 has been used to extrapolate to the correlation
energy CBS limit.
EaXZcorr = E
CBS
corr +
b
X3
(3.3)
For any two correlation consisten basis sets in the same series, Equation 3.3 can also be
simplied to an algebraic form. The two largest aXZ basis sets employed in this study (aTZ
and aQZ) were used to extrapolate to the correlation energy CBS limit.
ECBScorr =
64EaQZcorr   27EaTZcorr
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(3.4)
The CBS limits of the MP2, CCSD and CCSD(T) energies were obtained by adding ECBSHF
to the corresponding ECBScorr .
For each homogeneous dimer, the interaction energy (Eint) each point on the PECs was
dened relative to the electronic energy of two isolated monomers.
Eint = Edi   2Emon (3.5)
In this work, higher-order correlation corrections for a particular basis set, B, were obtained
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from the dierence between the CCSD(T) Eint and the corresponding interaction energy
computed with a lower-level method, specically MP2 or CCSD.

CCSD(T)=B
Low=B = E
CCSD(T)=B
int   ELow=Bint (3.6)
For each basis set, B, these higher-order correlation corrections have been compared to the
CBS limit values to gauge the basis set dependence.

CCSD(T)=B
Low=B = 
CCSD(T)=CBS
Low=CBS   CCSD(T)=BLow=B (3.7)
Frequently the basis set labels are omitted because they can be inferred from context.
For each dimer conguration (X, PD and T), the dierences associated with Equation 3.7
were analyzed across a range of intermolecular distances within 0:4 A of the lowest energy
point on the corresponding CCSD(T) CBS curve. This range was selected to approximately
span the lowest energy points on all three CBS limit PECs (MP2, CCSD and CCSD(T)) for
each dimer conguration. The mean absolute and maximum absolute values of 
CCSD(T)
MP2
and 
CCSD(T)
CCSD provide some insight into the ability of various basis sets to reproduce the
CBS limit higher-order correlation corrections over these intermolecular distances.
Counterpoise (CP) corrections67,68 for basis set superposition error (BSSE)69,70 have also
been applied. CP-corrected PECs were generated for all double- and triple- basis sets, and
the analogous higher-order correlation corrections were compared to the CBS limit values.
Due to the relatively weak nature of interactions in these dimers, rather strict thresholds
and convergence criteria were adopted for the computations to ensure the correlation energies
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were converged to at least 1 10 8 Eh. The frozen core approximation was adopted for all
MP2, CCSD and CCSD(T) calculations (i.e., 1s-like core orbitals of C and N were constrained
to be double occupied as were the 1s-, 2s- and 2p-like orbitals of P). Spherical harmonic basis
functions (5d, 7f , etc.) were used instead of their Cartesian counterparts (6d, 10f , etc.).
The Molpro91 and CFOUR92 software packages were used to perform all of the single point
energy computations for the PECs.
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3.4 Results and Discussion
3.4.1 CBS Potential Energy Curves
MP2, CCSD and CCSD(T) CBS limit potential energy curves are presented in Figures 3.2
{ 3.6 along with data obtained with the aQZ basis set. The CBS and aQZ curves are very
similar. Dierences between the two sets of interaction energies do not exceed 0.201 kcal
mol 1 across the entire scan except for the T conguration of the diacetylene dimer, where
they grow as large as 0.215 kcal mol 1, 0.230 kcal mol 1 and 0.238 kcal mol 1 for the MP2,
CCSD and CCSD(T) methods, respectively.
As expected, the MP2 method overbinds relative to the CCSD(T) results, while CCSD
underbinds. Even for the relatively simple acetylene dimer, the MP2 interaction energies are
on the order of 0.2 kcal mol 1 below the corresponding CCSD(T) values near the minima in
Figure 3.2. These dierences are substantially larger for the other dimers and can actually
exceed 3 kcal mol 1 for the X conguration of (PCCP)2 in the top of Figure 3.6.
To further highlight the deviations between the MP2, CCSD and CCSD(T) energetics,
the intermolecular distances (R) and interaction energies (Eint) associated with lowest energy
point on each CBS curve are provided in Table 3.2.
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Figure 3.2: Potential energy curves for the X (top), PD (middle) and T (bottom) congura-
tions of the homogeneous HCCH dimer
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Figure 3.3: Potential energy curves for the X (top), PD (middle) and T (bottom) congura-
tions of the homogeneous HCCCCH dimer
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Figure 3.4: Potential energy curves for the X (top), PD (middle) and T (bottom) congura-
tions of the homogeneous NCCN dimer
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Figure 3.5: Potential energy curves for the X (top), PD (middle) and T (bottom) congura-
tions of the homogeneous P2 dimer
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Figure 3.6: Potential energy curves for the X (top), PD (middle) and T (bottom) con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Table 3.2: MP2, CCSD and CCSD(T) CBS limit interaction energies (Eint in kcal mol
 1)
and intermolecular distance (R in A) associated with the lowest energy point on each CBS
curve.
System MP2/CBS CCSD/CBS CCSD(T)/CBS
Rmin Eint Rmin Eint Rmin Eint
(HCCH)2
X 3.9  0:381 4.4  0:073 4.1  0:187
PD 2.8  1:581 3.0  1:191 2.9  1:386
T 2.7  1:654 2.8  1:303 2.7  1:486
(HCCCCH)2
X 3.3  2:142 3.7  0:620 3.5  1:087
PD 3.4  2:467 3.6  0:891 3.5  1:424
T 2.6  1:903 2.8  1:318 2.7  1:583
(NCCN)2
X 3.3  1:120 3.7  0:150 3.5  0:478
PD 3.2  2:515 3.4  1:405 3.3  1:740
T 3.0  2:515 3.2  1:691 3.1  1:952
(P2)2
X 4.0  1:903 4.6  0:499 4.3  0:880
PD 3.7  1:938 4.2  0:591 3.9  0:989
T 4.1  1:191 4.5  0:378 4.3  0:628
(PCCP)2
X 3.2  5:763 3.7  1:527 3.5  2:523
PD 3.5  4:984 3.9  1:493 3.7  2:415
T 3.4  3:083 3.8  1:147 3.6  1:703
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Although Eint can dier quite substantially for the three methods, the MP2 and CCSD
Rmin distances are always within 0.3 A of the CCSD(T) values. Some important qualitative
dierences for dimers containing P can also be noted from the tabulated data. At the
estimated CCSD(T) CBS limit, the PD and T congurations are nearly isoenergetic and far
more stable than the X structures for (HCCH)2, (HCCCCH)2 and (NCCN)2. The situation
is quite dierent for (P2)2 and (PCCP)2, where the T conguration is much less stable than
the X and PD orientations.
3.4.2 Higher-Order Correlation
A detailed analysis of the higher-order correlation eects is presented in Table 3.3 for one in-
termolecular distance (R) on each PEC, specically the lowest energy point on each CCSD(T)
CBS curve. The MP2, CCSD and CCSD(T) interaction energies and higher-order correlation
corrections are listed for both the aQZ basis set and the CBS limit.
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For example, when the centers of mass are separated by 3.5 A, the X conguration of
(HCCCCH)2 is bound by 1.976 kcal mol
 1 at the estimated MP2 CBS limit, while the
CCSD(T) CBS Eint is only 1.087 kcal mol
 1. The dierence between the two interaction
energies provides the CBS 
CCSD(T)
MP2 higher-order correlation correction (+0:889 kcal mol
 1
for the current example). In contrast, CCSD signicantly underbinds this X conguration of
the diacetylene dimer, yielding a 
CCSD(T)
CCSD correction of  0:509 kcal mol 1 at the CBS limit.
Note that even though the aQZ Eint of this particular (HCCCCH)2 structure still diers from
the CBS value by at least 0.143 kcal mol 1 at the MP2 level (and up to 0.160 and 0.161 kcal
mol 1 for the CCSD and CCSD(T) methods, respectively), the aQZ higher-order correlation
eects are nearly identical to 
CCSD(T)
MP2 and 
CCSD(T)
CCSD at the CBS limit (
CCSD(T)
MP2 = +0:018
kcal mol 1 and CCSD(T)CCSD = +0:001 kcal mol
 1).
It can be seen from the 
CCSD(T)
MP2 and 
CCSD(T)
CCSD columns in Table 3.3 that the aQZ
basis set accurately reproduces the CBS higher-order correlation eects for all of the dimers
at these specic distances, not just the X conguration of (HCCCCH)2. Even for the PCCP
dimer where 
CCSD(T)
MP2 and 
CCSD(T)
CCSD can become as large as +2:653 and  1:126 kcal mol 1,
respectively, the dierences between these CBS values and the corresponding aQZ ones
remain very small (jCCSD(T)MP2 j  0:021 kcal mol 1 and jCCSD(T)CCSD j  0:016 kcal mol 1).
The deviations of higher-order correlation corrections for a particular basis set from the
CBS values can vary across the PEC. Consequently, 
CCSD(T)
MP2 and 
CCSD(T)
CCSD have been
analyzed not only at a single point for each conguration, as in Table 3.3, but also over
a range of the PECs. A window of 0:4 A about the R values listed in Table 3.3 and an
increment of 0.1 A were used, giving a total of 9 data points along each curve after the
central point (CCSD(T)/CBS Rmin) is included. This range includes both the MP2/CBS
52
and CCSD/CBS Rmin distances from Table 3.2.
Examples of the higher-order correlation data from scans over the PD conguration of
(HCCCCH)2 are shown in Figure 3.7 for select basis sets.
All of the basis sets examined in this study typically underestimate the CBS limit higher-
order correlation corrections. In other words, they tend to lie below the positive 
CCSD(T)
MP2
CBS values (as in the top of Figure 3.7) and above the negative 
CCSD(T)
CCSD CBS values (as in
the middle of Figure 3.7). Consequently, the 
CCSD(T)
MP2 deviations from the CBS limit are
usually < 0, as shown in the bottom of Figure 3.7 for PD (HCCCCH)2, while the 
CCSD(T)
CCSD
values are normally > 0. When employing double- and triple- basis sets, exceptions to
these trends are are quite rare for the former correlation correction but somewhat more
common for the latter. This behavior can be seen in Figure 3.7, where the def2-SVPD
basis set overestimates the CBS limit 
CCSD(T)
CCSD values but not the 
CCSD(T)
MP2 ones for the PD
conguration of the diacetylene dimer. Tables of the electronic energies associated with
each scan are are provided in the Supporting Information for all three congurations of each
dimer. Similar plots of higher-order correlation data can also be found there, but only for
select basis sets because the gures become too congested if the data for every basis set is
shown.
The results from these scans are summarized in graphical format in Figures 3.8 { 3.12,
where the mean absolute and maximum absolute deviations (MAD and MAX) over the
0.8 A window are reported for each basis set. The MAD and MAX are reported for each
conguration (X, PD and T) as well as over all congurations for a particular dimer (denoted
ALL in Figures 3.8 { 3.12). The CCSD values are shown below the x -axis for clarity (i.e.,
as  MAD CCSD(T)MP2 and  MAX CCSD(T)CCSD ). The bar graphs associated with (HCCH)2
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Figure 3.7: Higher-order correlation eects (top and middle) and deviations from the CBS
limit (bottom) for select basis sets over a range of intermolecular distances for the PD
conguration of the diactylene dimer.
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and (HCCCCH)2 include additional basis sets that only augment the heavy (non-hydrogen)
atoms with diuse functions, and the following discussion is, therefore, separated into dimers
that contain H atoms and those that do not.
(HCCH)2 and (HCCCCH)2
The data for the acetylene dimer presented in Figure 3.8 are quite encouraging because they
suggest that most double- and all triple- basis sets can reproduce the estimated CBS limit
higher-order correlation eects across a range of congurations and intermolecular distances.
The mean absolute deviations (MAD) from the CBS limit higher-order correlation corrections
are less than 0.10 kcal mol 1 for all but the DZP basis set. Similarly, only the DZP basis
set has a maximum absolute deviation exceeding 0.15 kcal mol 1. However, these results for
(HCCH)2 are somewhat misleading because the higher-order correlation corrections for this
prototype are much smaller than for the other dimers.
The results for the diacetylene dimer, shown in Figure 3.9 are much less encouraging.
Only the quadruple- basis sets and a few of the triple- basis sets that have been augmented
with diuse functions (haTZ and aTZ) consistently reproduce the CBS limit higher-order
correlation eects to within 0.10 kcal mol 1. In fact, the MAD CCSD(T)MP2 deviations over
all 3 congurations (ALL) of (HCCCCH)2 tend to exceed 0.20 kcal mol
 1 for most double-
basis sets, while the corresponding MAX deviations can grow to roughly three times that
value. The diacetylene dimer 
CCSD(T)
CCSD values below the x -axis in Figure 3.9 tend to be
smaller in magnitude than their MP2 counterparts above the x -axis. In fact, the 
CCSD(T)
CCSD
MADs are below 0.10 kcal mol 1 for any basis set with diuse functions, even those of
double- quality.
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Figure 3.8: Mean (top) and maximum (bottom) absolute deviations from the CBS limit
higher-order correlation corrections for the X, PD and T congurations of the homogeneous
HCCH dimer. The CCSD deviations are shown below the x -axis for clarity (i.e., as  MAD

CCSD(T)
MP2 and  MAX CCSD(T)CCSD ).
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Figure 3.9: Mean (top) and maximum (bottom) absolute deviations from the CBS limit
higher-order correlation corrections for the X, PD and T congurations of the homogeneous
HCCCCH dimer. The CCSD deviations are shown below the x -axis for clarity (i.e., as
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Figure 3.10: Mean (top) and maximum (bottom) absolute deviations from the CBS limit
higher-order correlation corrections for the X, PD and T congurations of the homogeneous
NCCN dimer. The CCSD deviations are shown below the x -axis for clarity (i.e., as  MAD

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MP2 and  MAX CCSD(T)CCSD ).
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Figure 3.11: Mean (top) and maximum (bottom) absolute deviations from the CBS limit
higher-order correlation corrections for the X, PD and T congurations of the homogeneous
P2 dimer. The CCSD deviations are shown below the x -axis for clarity (i.e., as  MAD

CCSD(T)
MP2 and  MAX CCSD(T)CCSD ).
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Figure 3.12: Mean (top) and maximum (bottom) absolute deviations from the CBS limit
higher-order correlation corrections for the X, PD and T congurations of the homogeneous
PCCP dimer. The CCSD deviations are shown below the x -axis for clarity (i.e., as  MAD

CCSD(T)
MP2 and  MAX CCSD(T)CCSD ).
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Examination of the bar graphs for (NCCN)2, (P2)2, and (PCCP)2 [Figure 3.10{3.12]
reveals that this behavior is common to other dimers. The trend is largely a consequence
of the relative magnitudes of the two higher-order correlation corrections. The dierence
between MP2 and CCSD(T) interaction energies is larger than between CCSD and CCSD(T),
which generally produces larger deviations from the CBS limit. Nevertheless, it is clear that
diuse functions play an important role in reproducing the estimated CBS limit for the

CCSD(T)
CCSD higher-order correlation correction.
(NCCN)2, (P2)2 and (PCCP)2
Figure 3.10 also reports the MAD and MAX values for the NCCN, P2 and PCCP dimers.
There are fewer basis sets because these systems do not contain H atoms. The basis set
dependence of the higher-order correlation eects for (NCCN)2 is similar to that observed
for (HCCCCH)2. Double- basis sets struggle to reproduce the CBS value of 
CCSD(T)
MP2 but
are a bit more reliable for the 
CCSD(T)
CCSD correction, particulary when the basis sets include
diuse functions. These maximum and mean absolute deviations for the cyanogen dimer
decrease to approximately 0.10 kcal mol 1 or less with most triple- basis sets.
The CBS limit higher-order correlation eects are more dicult to accurately reproduce
for (P2)2 and (PCCP)2, and the corresponding data in and Figure 3.11 and Figure 3.12
are somewhat discouraging. With these two dimers, even the triple- basis sets struggle to
provide 
CCSD(T)
MP2 and 
CCSD(T)
CCSD maximum deviations below 0.20 kcal mol
 1. Only the aQZ
basis set consistently has deviations below 0.10 kcal mol 1, but the aTZ and QZ basis sets
only slightly exceed this threshold for the P2 dimer. All MAD and MAX values are tabulated
in the Supporting Information for readers interested in a more detailed comparison.
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Counterpoise Corrections
CP-corrected scans were also computed for all double- and triple- basis sets, and the devi-
ations from the CBS limit higher-order correlation corrections analyzed in the same manner
as the uncorrected scans. CP corrections were not applied to the scans for the quadruple-
basis sets for both practical and technical reasons. With the uncorrected quadruple- re-
sults already in excellent agreement with the CBS values, only minor improvements could
be realized from a substantial investment of computational resources. Additionly, severe
convergence problems were encountered in both the SCF and CCSD iterative procedures,
particularly for the diacetylene dimer.
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Figure 3.14: Eect of CP corrections on the mean (MAD) and maximum (MAX) absolute
deviations from the CBS limit higher-order correlation corrections for the X, PD and T con-
gurations of the homogeneous HCCCCH dimer. Positive values indicate that CP corrections
increase the deviations, while negative values indicate MAD and/or MAX decrease.
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Figure 3.15: Eect of CP corrections on the mean (MAD) and maximum (MAX) absolute
deviations from the CBS limit higher-order correlation corrections for the X, PD and T
congurations of the homogeneous NCCN dimer. Positive values indicate that CP corrections
increase the deviations, while negative values indicate MAD and/or MAX decrease.
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Figure 3.16: Eect of CP corrections on the mean (MAD) and maximum (MAX) absolute
deviations from the CBS limit higher-order correlation corrections for the X, PD and T
congurations of the homogeneous P2 dimer. Positive values indicate that CP corrections
increase the deviations, while negative values indicate MAD and/or MAX decrease.
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Figure 3.17: Eect of CP corrections on the mean (MAD) and maximum (MAX) absolute
deviations from the CBS limit higher-order correlation corrections for the X, PD and T
congurations of the homogeneous PCCP dimer. Positive values indicate that CP corrections
increase the deviations, while negative values indicate MAD and/or MAX decrease.
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The results of the CP corrections are summarized in Figures 3.13{3.17. The bar graphs
show the eect of the CP procedure on the MAD and MAX values reported across all
congurations for a particular dimer (labeled ALL in Figures 3.8{3.12). Values greater than
zero in Figures 3.13{3.17 indicate that the CP corrections increase the deviations from the
CBS limit higher-order corrections, while negative values indicate that they improve the
results for a particular basis set.
Relatively few data points in Figures 3.13{3.17 lie below the x -axis, indicating that
CP corrections rarely improve the description of higher-order correlation eects across the
potential energy surfaces (PESs) of these -type dimers. In fact, the results indicate that
the CP corrections make the results worse more often than they make the results better.
Furthermore, the eect of CP corrections for a particular basis set tends to be rather erratic,
depending not only on the identity of the dimer but also the conguration. The latter
dependence can be seen from CP corrected deviations (MAD and MAX) reported in the
Supporting Information in bar graphs analogous to those used for the uncorrected results
(Figures 3.8{3.12). The aDZ basis set and its haDZ variant are the only two for which CP
corrections consistently improve results (i.e., the description of the CBS limit higher-order
correlation corrections).
It is also interesting to note that although CP corrections occasionally decrease the

CCSD(T)
MP2 deviations from the CBS limit on average across the PECs, they always increase
the 
CCSD(T)
CCSD deviations. It is important to keep in mind, however, that the quantities
presented in Figures 3.13 {3.17 strongly depend on the identity and conguration of the
dimer. There are certain instances where CP corrections decreases MAD and MAX for
the 
CCSD(T)
CCSD term. However, these small improvements for one conguration tend to be
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outweighed by poorer performance in the other congurations, yielding an overall increase
in the deviations across the three PECs for a given basis set.
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3.5 Concluding Remarks
Five small homogeneous dimers have been used to examine the basis set dependence of
higher-order correlation eects that are commonly employed in additive schemes to estimate
CCSD(T) interaction energies at the CBS limit. Scans over a 0.8 A window about the lowest
point on the CCSD(T)/CBS potential energy curves were performed for each dimer in three
dierent congurations (X, PD and T) with a variety of basis sets, and the results were com-
pared to the estimated CBS limit 
CCSD(T)
MP2 and 
CCSD(T)
CCSD higher-order correlation corrections.
Although relatively small, the -type interactions in these systems can be quite dicult to
describe.74 For example, the magnitudes of Eint, 
CCSD(T)
MP2 and 
CCSD(T)
CCSD for (PCCP)2 can
sometimes exceed those for the benzene dimer. Futhermore, for the dimers of P2 and PCCP,
higher-order correlation corrections computed with the large aTZ and QZ basis sets can
deviate from the CBS limit 
CCSD(T)
MP2 and 
CCSD(T)
CCSD values by well over 0.1 kcal mol
 1. The
performance of each basis set (with and without CP corrections) over all three congurations
of each dimer is reported in Table 3.4. The overall MAD and MAX values are tabulated,
and the values in parentheses exclude the challenging P2 and PCCP dimers.
None of the double- basis sets examined in this study could consistently reproduce the
estimaged CBS limit 
CCSD(T)
MP2 high-order correlation corrections to within 0.1 kcal mol
 1
over various congurations and intermolecular distances for these ve small -type dimers.
On average, the best performance was achieved with the aDZ and the def2-SVPD basis
sets, which deviated from the CBS limits by 0.14 kcal mol 1 on average, while maximum
deviations grew as large as 0.31 and 0.33 kcal mol 1, respectively. For the acetylene and
diacetylene dimers, the performance of the haDZ basis set was similar to and slightly better
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than that for aDZ.
The double- basis sets were far better at reproducing the estimated CBS limit 
CCSD(T)
CCSD
high-order correlation corrections, as long as diuse functions are included. For all 5 dimers,
the overall MAD and MAX values for the def2-SVPD basis set are just 0.08 and 0.18 kcal
mol 1, respectively, while those for the aDZ basis set are only 0.06 and 0.19 kcal mol 1.
Triple- basis sets tend to improve results, particularly for 
CCSD(T)
MP2 . However, only the
aTZ basis set (or the haTZ variant) provides deviations appreciably smaller than those
obtained for 
CCSD(T)
CCSD with the aDZ basis set.
CP corrections for BSSE rarely improve agreement with the CBS limit higher-order cor-
relation corrections. In fact, they make results worse more often that better. CP corrections
only consistently reduce deviations for the 
CCSD(T)
MP2 term computed with the aDZ basis set,
reducing the overall MAD to 0.10 and the MAX to 0.25 kcal mol 1. Interestingly, for the sys-
tems that do not contain P atoms, the uncorrected 
CCSD(T)
CCSD values computed with the small
6-31G*(0.25) and DZP++ basis sets tend to be more accurate overall than CP corrected

CCSD(T)
MP2 higher-order correlation corrections obtained with the aDZ basis.
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Table 3.4: Overall mean absolute and maximum absolute deviations (MAD and MAX in kcal
mol 1) from the estimated CBS limit higher-order correlation corrections for all three con-
gurations of all ve dimers, where values in parentheses do not include (P2)2 and (PCCP)2.

CCSD(T)
MP2 
CCSD(T)
CCSD
MAD MAX MAD MAX
Without CP Corrections
6-31G*(.25) 0.171 (0.106) 0.522 (0.239) 0.138 (0.080) 0.401 (0.155)
DZ 0.255 (0.142) 0.866 (0.371) 0.212 (0.129) 0.620 (0.276)
DZP 0.379 (0.198) 1.333 (0.490) 0.194 (0.090) 0.630 (0.195)
DZP++ 0.341 (0.201) 1.130 (0.455) 0.121 (0.043) 0.500 (0.109)
TZ2P 0.147 (0.077) 0.529 (0.178) 0.125 (0.056) 0.426 (0.117)
def2-SVPD 0.137 (0.141) 0.309 (0.309) 0.082 (0.078) 0.184 (0.096)
aDZ 0.139 (0.120) 0.329 (0.282) 0.056 (0.027) 0.183 (0.055)
def2-TZVP 0.075 (0.053) 0.208 (0.119) 0.086 (0.048) 0.235 (0.101)
TZ 0.077 (0.051) 0.222 (0.122) 0.100 (0.060) 0.272 (0.113)
TZ2P(f,d) 0.117 (0.061) 0.438 (0.141) 0.095 (0.040) 0.328 (0.077)
def2-TZVPP 0.092 (0.056) 0.334 (0.118) 0.088 (0.039) 0.309 (0.087)
def2-TZVPD 0.068 (0.038) 0.259 (0.090) 0.044 (0.015) 0.193 (0.041)
TZ2P(f,d)++ 0.112 (0.062) 0.400 (0.134) 0.047 (0.019) 0.203 (0.049)
aTZ 0.029 (0.034) 0.062 (0.062) 0.016 (0.009) 0.057 (0.025)
With CP Corrections
6-31G*(.25) 0.152 (0.099) 0.431 (0.343) 0.210 (0.146) 0.594 (0.433)
DZ 0.263 (0.140) 0.896 (0.537) 0.277 (0.195) 0.806 (0.528)
DZP 0.379 (0.182) 1.378 (0.474) 0.303 (0.195) 0.932 (0.431)
DZP++ 0.355 (0.180) 1.268 (0.453) 0.243 (0.174) 0.701 (0.394)
TZ2P 0.163 (0.071) 0.578 (0.173) 0.196 (0.118) 0.647 (0.257)
def2-SVPD 0.137 (0.106) 0.389 (0.330) 0.169 (0.097) 0.472 (0.314)
aDZ 0.099 (0.076) 0.252 (0.221) 0.121 (0.078) 0.380 (0.250)
def2-TZVP 0.095 (0.061) 0.265 (0.180) 0.142 (0.096) 0.385 (0.267)
TZ 0.094 (0.062) 0.265 (0.185) 0.148 (0.101) 0.408 (0.268)
TZ2P(f,d) 0.153 (0.072) 0.535 (0.166) 0.169 (0.102) 0.545 (0.213)
def2-TZVPP 0.094 (0.063) 0.252 (0.175) 0.137 (0.093) 0.368 (0.255)
def2-TZVPD 0.068 (0.054) 0.174 (0.146) 0.088 (0.059) 0.256 (0.187)
TZ2P(f,d)++ 0.241 (0.094) 0.493 (0.161) 0.266 (0.094) 0.594 (0.201)
aTZ 0.064 (0.061) 0.140 (0.135) 0.043 (0.028) 0.130 (0.086)
71
Bibliography
72
Bibliography
[1] Kevin E. Riley, Michal Pitonak, Petr Jurecka, and Pavel Hobza. Stabilization and
Structure Calculations for Noncovalent Interactions in Extended Molecular Systems
Based on Wave Function and Density Functional Theories. Chem. Rev., 110(9):5023{
5063, 2010.
[2] Jr. Thom H. Dunning and Kirk A. Peterson. Approximating the basis set dependence
of coupled cluster calculations: Evaluation of perturbation theory approximations for
stable molecules. J. Chem. Phys., 113(18):7799{7808, 2000.
[3] Jeppe Olsen, Ove Christiansen, Henrik Koch, and Poul Jrgensen. Surprising cases of di-
vergent behavior in Mller{Plesset perturbation theory. J. Chem. Phys., 105(12):5082{
5090, 1996.
[4] George D. Purvis III and Rodney J. Bartlett. A full coupled-cluster singles and doubles
model: The inclusion of disconnected triples. J. Chem. Phys., 76(4):1910{1918, 1982.
[5] Rodney J. Bartlett. Many-body perturbation theory and coupled cluster for electron
correlation in molecules. Ann. Rev. Phys. Chem., 32:359{401, 1982.
[6] Tomasz Janowski and Peter Pulay. High accuracy benchmark calculations on the ben-
zene dimer potential energy surface. Chem. Phys. Lett., 447(1{3):27{32, 2007.
73
[7] J. Grant Hill, James A. Platts, and H. -J. Werner. Calculation of intermolecular interac-
tions in the benzene dimer using coupled-cluster and local electron correlation methods.
Phys. Chem. Chem. Phys., 8:4072{4078, 2006.
[8] Mutasem Omar Sinnokrot and C. David Sherrill. Highly Accurate Coupled Cluster
Potential Energy Curves for the Benzene Dimer: Sandwich, T-Shaped, and Parallel-
Displaced Congurations. J. Phys. Chem. A, 108(46):10200{10207, 2004.
[9] Grzegorz Chalasinski and Maciej Gutowski. Weak interactions between small systems.
models for studying the nature of intermolecular forces and challenging problems for ab
initio calculations. Chem. Rev., 88(6):943{962, 1988.
[10] Jr. Thom H. Dunning. Gaussian basis sets for use in correlated molecular calculations.
i. the atoms boron through neon and hydrogen. J. Chem. Phys., 90(2):1007{1023, 1989.
[11] Adel M. ElSohly and Gregory S. Tschumper. Comparison of polarization consistent and
correlation consistent basis sets for noncovalent interactions. Int. J. Quantum Chem.,
109(1):91{96, 2009.
[12] Johannes Diderik van der Waals. Ph.d. thesis, leiden university, leiden, netherlands,
over de continuteit van den gas- en vloeistoftoestand (on the continuity of the gas and
liquid state), 1873.
[13] R. Eisenschitz and F. London. ber das verhltnis der van der waalsschen krfte zu den
homopolaren bindungskrften. Z. Phys. Chem. (B), 60(7):491{527, 1930.
[14] F. London. The general theory of molecular forces. Trans. Faraday Soc., 33:8b{26,
1937.
74
[15] V. Adrian Parsegian. Van der Waal Forces. Cambridge University Press, New York,
NY, 2006.
[16] Emmanuel A. Meyer, Ronald K. Castellano, and Franois Diederich. Interactions with
Aromatic Rings in Chemical and Biological Recognition. Angew. Chem. Int. Ed. Engl.,
42(11):1210{1250, 2003.
[17] Christian G. Claessens and J. Fraser Stoddart. - interactions in self-assembly. J.
Phys. Org. Chem., 10(5):254{272, 1997.
[18] Matthew C. T. Fyfe and J. Fraser Stoddart. Synthetic supramolecular chemistry. Acc.
Chem. Res., 30(10):393{401, 1997.
[19] J. M. Lehn. Supramolecular chemistry{scope and perspectives molecules, super-
molecules, and molecular devices. Angew. Chem. Int. Ed. Engl., 27(1):89{112, 1988.
[20] S. K. Burley and G. A. Petsko. Aromatic-aromatic interaction- a mechanism of protein-
structure stabilization. Science, 229:23{28, 1985.
[21] S. K. Burley and G. A. Petsko. Weakly polar interactions in proteins. Adv. Protein.
Chem., 39:125{189, 1988.
[22] Ben Askew, Pablo Ballester, Chris Buhr, Kyu Sung Jeong, Sharon Jones, Kevin Parris,
Kevin Williams, and Julius Rebek. Molecular recognition with convergent functional
groups. vi. synthetic and structural studies with a model receptor for nucleic acid com-
ponents. J. Am. Chem. Soc., 111(3):1082{1090, 1989.
75
[23] David B. Smithrud and Francois Diederich. Strength of molecular complexation of
apolar solutes in water and in organic solvents is predictable by linear free energy
relationships: a general model for solvation eects on apolar binding. J. Am. Chem.
Soc., 112(1):339{343, 1990.
[24] Timothy J. Shepodd, Michael A. Petti, and Dennis A. Dougherty. Molecular recognition
in aqueous media: donor{acceptor and ion{dipole interactions produce tight binding for
highly soluble guests. J. Am. Chem. Soc., 110(6):1983{1985, 1988.
[25] Robert A. Kumpf and Dennis A. Dougherty. A mechanism for ion selectivity
in potassium channels: Computational studies of cation- interactions. Science,
261(5129):1708{1710, 1993.
[26] J. Cerny, M. Kabelac, and P. Hobza. Double{helical-> ladder structural transition in
the b-dna is induced by a loss of dispersion energy. J. Am. Chem. Soc., 130(47):16055{
16059, 2008.
[27] Seiji Tsuzuki, Kazumasa Honda, Tadafumi Uchimaru, Masuhiro Mikami, and Kazutoshi
Tanabe. Origin of attraction and directionality of the - interaction: model chemistry
calculations of benzene dimer interaction. J. Am. Chem. Soc., 124(1):104{112, 2002.
[28] Mutasem Omar Sinnokrot, Edward F. Valeev, and C. David Sherrill. Estimates of
the Ab Initio limit for - interactions: the benzene dimer. Journal of the American
Chemical Society, 124(36):10887{10893, 2002.
[29] Christopher A. Hunter and Jeremy K. M. Sanders. The nature of - interactions. J.
Am. Chem. Soc., 112(14):5525{5534, 1990.
76
[30] Stephen A. Arnstein and C. David Sherrill. Substituent eects in parallel{displaced
small - interactions. Phys. Chem. Chem. Phys., 10(19):2646{2655, 2008.
[31] Ashley L. Ringer and C. David Sherrill. Substituent eects in sandwich congurations
of multiply substituted benzene dimers are not solely governed by electrostatic control.
J. Am. Chem. Soc., 131(13):4574{4575, 2009.
[32] Holger F. Bettinger, Tapas Kar, and Elsa Snchez-Garca. Borazine and benzene homo{
and heterodimers. J. Phys. Chem. A, 113(14):3353{3359, 2009.
[33] Franco Ugozzoli and Chiara Massera. Intermolecular interactions between benzene and
1,3,5{triazine: a new tool for crystal engineering and molecular recognition. Cryst. Eng.
Comm., 7(18):121{128, 2005.
[34] Daniel Escudero, Carolina Estarellas, Antonio Frontera, David Quionero, and Pere M.
Dey. Theoretical and crystallographic study of edge{to{face aromatic interactions be-
tween pyridine moieties and benzene. Chem. Phys. Lett., 468(4-6):280{285, 2009.
[35] M. Piacenza and S. Grimme. Van der waals interactions in aromatic systems: Structure
and energetics of dimers and trimer of pyridine. Chem. Phys. Chem., 6:1554{1558, 2005.
[36] Abraham Reyes, Mikhail A. Tlenkopatchev, Lioudmila Fomina, Patricia Guadarrama,
and Sergei Fomine. Local mp2-based method for estimation of intermolecular interac-
tions in aromatic molecules. benzene, naphthalene, and pyrimidine dimers. a comparison
with canonical mp2 method. J. Phys. Chem. A, 107(36):7027{7031, 2003.
77
[37] Pierre Mignon, Stefan Loverix, and Paul Geerlings. Interplay between - interactions
and the h-bonding ability of aromatic nitrogen bases. Chem. Phys. Lett., 401(1-3):40{46,
2005.
[38] Mutasem Omar Sinnokrot and C. David Sherrill. Unexpected substituent eects in
face-to-face -stacking interactions. J. Phys. Chem. A, 107(41):8377{8379, 2003.
[39] W. Wang and P. Hobza. Theoretical study on the complexes of benzene with isoelec-
tronic nitrogen{containing heterocycles. Chem. Eur. J. of Chem. Phys., 9(7):1003{1009,
2008.
[40] Pierre Mignon, Stefan Loverix, Frank De Proft, and Paul Geerlings. Inuence of stacking
on hydrogen bonding: Quantum chemical study on pyridine{benzene model complexes.
J. Phys. Chem. A, 108(28):6038{6044, 2004.
[41] Pavel Hobza, Heinrich L. Selzle, and Edward W. Schlag. Potential energy surface of
the benzene dimer: Ab initio theoretical study. J. Am. Chem. Soc., 116(8):3500{3506,
1994.
[42] Brijesh Kumar Mishra, J. Samuel Arey, and N. Sathyamurthy. Stacking and spreading
interaction in n{heteroaromatic systems. J. Phys. Chem. A, 114(36):9606{9616, 2010.
[43] W. M Carthy, J. Smets, C A. M. Plokhotnichenko, E. D. Radchenko, G. G. Sheina,
L. Adamowicz, and S. G. Stepanian. Competition between h-bonded and stacked dimers
of pyrimidine: Ir and theoretical ab initio study. Mol. Phys., 91(3):513{526, 1997.
[44] Brijesh Kumar Mishra and N. Sathyamurthy.     interaction in pyridine. J. Phys.
Chem. A, 109(1):6{8, 2005.
78
[45] Edward G. Hohenstein and C. David Sherrill. Eects of heteroatoms on aromatic in-
teractions: Benzene-pyridine and pyridine dimer. J. Phys. Chem. A, 113(5):878{886,
2009.
[46] Alfred Karpfen. The dimer of acetylene and the dimer of diacetylene: a oppy and a
very oppy molecule. J. Phys. Chem. A, 103(51):11431{11441, 1999.
[47] Brian W. Hopkins, Adel M. ElSohly, and Gregory S. Tschumper. Reliable structures and
energetics for two new delocalized small - prototypes: cyanogen dimer and diacetylene
dimer. Phys. Chem. Chem. Phys., 9(13):1550{1558, 2007.
[48] Ahmed A. Hasanein and Myron Evans. The intermolecular dimer potential for ethane-
dinitrile. Journal of Molecular Liquids, 29(1):45 { 59, 1984.
[49] Ian I. Suni, Seonghoon Lee, and William Klemperer. Preliminary structural character-
ization of complexes of cyanogen: Nh3-nccn and (nccn)2. J. Phys. Chem., 95(7):2859{
2864, 1991.
[50] Wagner B. De Almeida, Stella M. Resende, and Helio F. Dos Santos. The molecular
structure of (nccn)2 and (pccp)2 van der waals dimers. Mol. Phys., 81(6):1397{1410,
1994.
[51] Desiree M. Bates, Julie A. Anderson, Ponmile Oloyede, and Gregory S. Tschumper.
Probing the eects of heterogeneity on delocalized -interaction energies. Phys. Chem.
Chem. Phys., 10(19):2775{2779, 2008.
[52] L. Adam Jones, Edmond P. F. Lee, Pavel Soldan, and Timothy G. Wright. Pccp. Phys.
Chem. Chem. Phys., 1:391{395, 1999.
79
[53] F. Matthias Bickelhaupt and Friedrich Bickelhaupt. 1,4-diphosphabutadiyne: A real-
istic target for synthesis? a theoretical investigation of c2p2, c2n2, [cr(co)5pccp], and
[(co)5cr(pccp)cr(co)5]. Chem. -Eur. J., 5(1):162{174, 1999.
[54] Mark Bronstrup, Jochen Gottfriedsen, Ilona Kretzschmar, Stephen J. Blanksby, Hel-
mut Schwarz, and Herbert Schumann. PCCP does exist. Phys. Chem. Chem. Phys.,
2(10):2245{2250, 2000.
[55] Balazs Hajgato, Nguyen-Nguyen Pham-Tran, Tamas Veszpremi, and Minh Tho Nguyen.
PCCP and its isomers: a theoretical study. Phys. Chem. Chem. Phys., 3:5158{5164,
2001.
[56] E. G. Hohenstein, H. M. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. Ac-
curate interaction energies for problematic dispersion-bound complexes: homogeneous
dimers of NCCN, P2 and PCCP. J. Chem. Theory Comput., 2011.
[57] Christophe Biot, Rene Wintjens, and Marianne Rooman. Stair motifs at protein{dna
interfaces: Nonadditivity of H-Bond, Stacking, and Cation{ Interactions. J. Am. Chem.
Soc., 126(20):6220{6221, 2004.
[58] C.A. Hunter, J. Singh, and J. M. Thornton.   Interactions: The geometry and ener-
getics of phenylalanine{phenylalanine interactions in proteins. J. Mol. Biol., 218(4):837{
846, 1991.
[59] Petr Jurecka, Jir Sponer, Jir Cerny, and Pavel Hobza. Benchmark database of accurate
(MP2 and CCSD(T) complete basis set limit) interaction energies of small model com-
80
plexes, DNA base pairs, and amino acid pairs. Phys. Chem. Chem. Phys., 8(17):1985{
1993, 2006.
[60] S. Tsuzuki and T. Uchimaru. Magnitude and physical origin of intermolecular interac-
tions of aromatic molecules: Recent progress of computational studies. Current Organic
Chemistry, 10(7):745{762, 2006.
[61] P. Hobza, Rudolf Zahradnik, and Klaus Muller-Dethlefs. The world of non-covalent
interactions: 2006. Collect. Czech. Chem. Commun., 71(4):443{531, 2006.
[62] Kari L. Copeland, Julie A. Anderson, Adam R. Farley, James R. Cox, and Gre-
gory S. Tschumper. Probing phenylalanine/adenine {stacking interactions in protein
complexes with explicitly correlated and ccsd(t) computations. J. Phys. Chem. B,
112(45):14291{14295, 2008.
[63] Adel M. ElSohly, Brian W. Hopkins, Kari L. Copeland, and Gregory S. Tschumper.
Anchoring the potential energy surface of the diacetylene dimer. Mol. Phys., 107(8{
12):923{928, 2009.
[64] Desiree M. Bates and Gregory S. Tschumper. Ccsd(t) complete basis set limit relative
energies for low-lying water hexamer structures. J. Phys. Chem. A, 113(15):3427{3708,
2009.
[65] O. Marchetti and H-. J. Werner. Accurate calculations of intermolecular interaction
energies using explicitly correlated coupled cluster wave functions and a dispersion-
weighted mp2 method. J. Phys. Chem. A, 113(43):11580{11585, 2009.
81
[66] Tait Takatani, Edward G. Hohenstein, Massimo Malagoli, Michael S. Marshall, and
C. David Sherrill. Basis set consistent revision of the s22 test set of noncovalent inter-
action energies. J. Chem. Phys., 132(14):144104, 2010.
[67] H. B. Jansen and P. Ros. Non-empirical molecular orbital calculations on the protona-
tion of carbon monoxide. Chem. Phys. Lett., 3:140{143, 1969.
[68] S. F. Boys and F. Bernardi. The calculation of small molecular interactions by the
dierences of separate total energies. some procedures with reduced errors. Mol. Phys.,
19:553, 1970.
[69] Neil R. Kestner. He-he interaction in the scf-mo approximation. J. Chem. Phys.,
48(1):252{257, 1968.
[70] B. Liu and A. D. McLean. Accurate calculation of the attractive interaction of two
ground state helium atoms. J. Chem. Phys., 59:4557{4558, 1973.
[71] Jan Rezac, Kevin E. Riley, and Pavel Hobza. S66: A Well-balanced Database of Bench-
mark Interaction Energies Relevant to Biomolecular Structures. J. Chem. Theory Com-
put., 0(0), 0.
[72] A. Karpfen. The dimer of acetylene and the dimer of diacetylene: A oppy and a very
oppy molecule. J. Phys. Chem. A, 103:11431{11441, 1999.
[73] B. W. Hopkins and G. S. Tschumper. Integrated computational methods for extended 
systems: Multicentered qm/qm studies of the cyanogen and diacetylene trimers. Chem.
Phys. Lett., 407(4{6):362{367, 2005.
82
[74] E. G. Hohenstein, H. J. Jaeger, E. J. Carrell, G. S. Tschumper, and C. D. Sherrill. Ac-
curate interaction energies for problematic dispersion-bound complexes: homogeneous
dimers of nccn, p2 and pccp. J. Chem. Theory Comput., submitted, 2011.
[75] Gerhard Herzberg. Molecular Spectra and Molecular Structure: Spectra of Diatomic
Molecules. R.E. Krieger Pub. Co, Malabar, 1989.
[76] Gerhard Herzberg. Molecular Spectra and Molecular Structure: Electronic Spectra and
Electronic Structure of Polyatomic Molecules. Van Nostrand, Princeton, 1950.
[77] S. Thorwirth, M. E. Harding, D. Muders, and J. Gauss. The empirical equilibrium
structure of diacetylene. J. Mol. Spectrosc., 251(1{2):220{223, 2008.
[78] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-
man, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Cari-
cato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyen-
gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, .
83
Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox. Gaussian 09 Revision
A.1. Gaussian Inc. Wallingford CT 2009.
[79] Pavel Hobza and Jir poner. Toward true dna base-stacking energies: MP2, CCSD(T),
and Complete Basis Set Calculations. J. Am. Chem. Soc., 124(39):11802{11808, 2002.
[80] T.H. Dunning Jr. Gaussian basis sets for the use in corelated molecular calculations. i.
the atoms boron through neon and hydrogen. J. Chem. Phys., 90(2):1007{1023, 1989.
[81] D. E. Woon and T.H. Dunning Jr. Gaussian basis sets for the use in corelated molecular
calculations. iii. the atoms aluminum through argon. J. Chem. Phys., 98(2):1358{1371,
1993.
[82] Sigeru Huzinaga. Gaussian-type functions for polyatomic systems. i. J. Chem. Phys.,
42(4):1293{1302, 1965.
[83] S. Huzinaga, D. McWilliams, and B. Domsky. Approximate atomic wavefunctions. J.
Chem. Phys., 54(5):2283{2284, 1971.
[84] Dunning, T. H.; Hay, J. P. In Modern Theoretical Chemistry ; Schaefer, H. F., Ed;
Plenum Publishing: New York, 1971; Chapter 1, pp 1{27.
[85] Timothy J. Lee and Henry F. Schaefer III. Systematic study of molecular anions within
the self-consistent-eld approximation: OH , CN , C2H , NH 2 , and CH
 
2 . J. Chem.
Phys., 83(4):1784{1794, 1985.
[86] A. D. McLean and G. S. Chandler. Contracted gaussian basis sets for molecular calcu-
lations. i. second row atoms, z=11{18. J. Chem. Phys., 72(10):5639{5648, 1980.
84
[87] F. Weigend and R. Ahlrichs. Balanced basis sets of split valence, triple zeta valence and
quadruple zeta valence quality for h to rn: Design and assessment of accuracy. Phys.
Chem. Chem. Phys., 7(1):3297{3305, 2005.
[88] Asger Halkier, Trygve Helgaker, Poul Jrgensen, Wim Klopper, and Jeppe Olsen. Basis{
set convergence of the energy in molecular Hartree-Fock calculations. Chem. Phys. Lett.,
302(5{6):437{446, 1999.
[89] David Feller. The use of systematic sequences of wave functions for estimating the com-
plete basis set, full conguration interaction limit in water. J. Chem. Phys., 98(9):7059{
7071, 1993.
[90] T. Helgaker, W. Klopper, H. Koch, and J. Noga. Basis set convergence of correlated
calculations on water. J. Chem. Phys., 106(23), 1997.
[91] H.-J. Werner, P. J. Knowles, F. R. Manby, M. Schutz, P. Celani, G. Knizia, T. Ko-
rona, R. Lindh, A. Mitrushenkov, G. Rauhut, T. B. Adler, R. D. Amos, A. Bernhards-
son, A. Berning, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, E. Goll,
C. Hampel, A. Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. Koppl, Y. Liu, A. W.
Lloyd, R. A. Mata, A. J. May, S. J. McNicholas, W. Meyer, M. E. Mura, A. Nicklass,
P. Palmieri, K. Puger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A. J. Stone, R. Tar-
roni, T. Thorsteinsson, M. Wang, and A. Wolf. Molpro, version 2010.1, a package of ab
initio programs, 2010.
[92] J.F. Stanton, J. Gauss, M.E. Harding, P.G. Szalay with contributions from A.A. Auer,
R.J. Bartlett, U. Benedikt, C. Berger, D.E. Bernholdt, Y.J. Bomble, L. Cheng, O. Chris-
85
tiansen, M. Heckert, O. Heun, C. Huber, T.-C. Jagau, D. Jonsson, J. Juslius, K. Klein,
W.J. Lauderdale, D.A. Matthews, T. Metzroth, D.P. O'Neill, D.R. Price, E. Prochnow,
K. Ruud, F. Schimann, W. Schwalbach, S. Stopkowicz, A. Tajti, J. Vzquez, F. Wang,
J.D. Watts, the integral packages MOLECULE (J. Almlf, P.R. Taylor), PROPS (P.R.
Taylor), ABACUS (T. Helgaker, H.J. Aa. Jensen, P. Jrgensen, J. Olsen), ECP rou-
tines by A. V. Mitin, and C. van Wllen. For the current version see http://www.cfour.de.
86
Chapter 4
Appendix
87
Table S-I: Average absolute (AVG) and maximum absolute (MAX) deviations (in kcal mol 1)
of the Counterpoise corrected and uncorrected higher-order correlation corrections from the
CBS values for the HCCH dimer. Results presented in graphical format in Figure S-1.
X PD T

CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD
AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX
Without CP Corrections
6-31G*(.25) 0:045 0:072 0:067 0:097 0:005 0:006 0:056 0:088 0:032 0:052 0:028 0:075
DZ 0:075 0:118 0:079 0:118 0:020 0:038 0:078 0:116 0:014 0:017 0:048 0:103
DZP 0:102 0:160 0:066 0:095 0:068 0:086 0:068 0:106 0:006 0:016 0:050 0:080
DZP+ 0:095 0:141 0:014 0:036 0:082 0:109 0:038 0:071 0:025 0:035 0:021 0:052
DZP++ 0:094 0:141 0:011 0:028 0:084 0:113 0:024 0:054 0:036 0:050 0:023 0:042
TZ2P 0:036 0:058 0:024 0:036 0:018 0:021 0:055 0:077 0:030 0:055 0:028 0:044
def2-SVPD 0:020 0:058 0:024 0:025 0:038 0:075 0:036 0:042 0:093 0:134 0:088 0:093
haDZ 0:047 0:081 0:018 0:032 0:036 0:051 0:017 0:038 0:063 0:097 0:008 0:020
aDZ 0:048 0:082 0:015 0:029 0:054 0:078 0:012 0:014 0:081 0:122 0:060 0:069
def2-TZVP 0:024 0:037 0:006 0:007 0:007 0:007 0:051 0:077 0:017 0:039 0:029 0:056
TZ 0:022 0:033 0:033 0:048 0:007 0:008 0:046 0:065 0:016 0:037 0:026 0:041
TZ2P(f,d) 0:024 0:038 0:017 0:025 0:019 0:023 0:040 0:052 0:030 0:055 0:013 0:017
def2-TZVPP 0:021 0:033 0:022 0:033 0:014 0:018 0:041 0:057 0:024 0:048 0:014 0:027
def2-TZVPD 0:015 0:027 0:004 0:012 0:013 0:018 0:021 0:045 0:025 0:049 0:009 0:023
TZ2P(f,d)+ 0:018 0:031 0:003 0:004 0:020 0:027 0:025 0:036 0:033 0:058 0:003 0:007
TZ2P(f,d)++ 0:017 0:030 0:007 0:008 0:020 0:027 0:021 0:032 0:033 0:058 0:007 0:014
haTZ 0:019 0:032 0:005 0:012 0:020 0:029 0:013 0:025 0:036 0:062 0:009 0:020
aTZ 0:016 0:028 0:004 0:012 0:013 0:018 0:006 0:013 0:024 0:046 0:005 0:006
QZ 0:010 0:016 0:016 0:025 0:007 0:010 0:023 0:030 0:019 0:035 0:013 0:021
haQZ 0:009 0:015 0:003 0:007 0:016 0:025 0:008 0:013 0:031 0:055 0:005 0:011
aQZ 0:007 0:012 0:002 0:005 0:006 0:008 0:003 0:006 0:010 0:019 0:002 0:003
With CP Corrections
6-31G*(.25) 0:049 0:079 0:083 0:135 0:012 0:015 0:102 0:165 0:027 0:031 0:086 0:165
DZ 0:084 0:130 0:094 0:150 0:022 0:024 0:131 0:203 0:007 0:009 0:110 0:189
DZP 0:101 0:169 0:099 0:152 0:030 0:031 0:136 0:215 0:006 0:008 0:115 0:196
DZP+ 0:090 0:154 0:087 0:132 0:044 0:054 0:126 0:202 0:023 0:033 0:109 0:187
DZP++ 0:089 0:154 0:086 0:131 0:046 0:058 0:124 0:200 0:022 0:034 0:107 0:186
TZ2P 0:050 0:066 0:053 0:093 0:014 0:015 0:090 0:135 0:032 0:063 0:071 0:116
def2-SVPD 0:059 0:101 0:044 0:077 0:043 0:057 0:075 0:131 0:044 0:069 0:066 0:129
haDZ 0:043 0:073 0:038 0:067 0:026 0:032 0:062 0:109 0:035 0:054 0:056 0:109
aDZ 0:043 0:073 0:037 0:065 0:029 0:037 0:056 0:099 0:039 0:061 0:046 0:094
def2-TZVP 0:035 0:052 0:049 0:077 0:011 0:013 0:081 0:123 0:030 0:059 0:067 0:112
TZ 0:034 0:052 0:051 0:080 0:018 0:024 0:073 0:105 0:032 0:064 0:057 0:090
TZ2P(f,d) 0:045 0:058 0:047 0:082 0:024 0:032 0:076 0:109 0:043 0:082 0:058 0:089
def2-TZVPP 0:033 0:049 0:046 0:073 0:021 0:029 0:069 0:100 0:041 0:078 0:052 0:083
def2-TZVPD 0:030 0:048 0:026 0:046 0:023 0:031 0:054 0:090 0:042 0:074 0:043 0:079
TZ2P(f,d)+ 0:046 0:053 0:046 0:073 0:072 0:036 0:072 0:104 0:056 0:085 0:056 0:087
TZ2P(f,d)++ 0:045 0:053 0:045 0:073 0:071 0:037 0:071 0:103 0:055 0:085 0:055 0:086
haTZ 0:028 0:046 0:014 0:025 0:036 0:055 0:026 0:043 0:053 0:094 0:023 0:042
aTZ 0:027 0:045 0:012 0:023 0:037 0:059 0:021 0:035 0:056 0:099 0:016 0:032
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Table S-II: Average absolute (AVG) and maximum absolute (MAX) deviations (in kcal
mol 1) of the Counterpoise corrected and uncorrected higher-order correlation corrections
from the CBS values for the HCCCCH dimer. Results presented in graphical format in
Figure S-2.
X PD T

CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD
AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX
Without CP Corrections
6-31G*(.25) 0:221 0:367 0:178 0:252 0:162 0:277 0:078 0:098 0:047 0:049 0:055 0:115
DZ 0:341 0:528 0:246 0:345 0:269 0:435 0:234 0:345 0:102 0:150 0:070 0:140
DZP 0:445 0:666 0:166 0:224 0:405 0:610 0:154 0:257 0:132 0:196 0:067 0:105
DZP+ 0:423 0:635 0:032 0:058 0:354 0:533 0:060 0:137 0:129 0:200 0:055 0:073
DZP++ 0:427 0:638 0:035 0:069 0:352 0:531 0:053 0:129 0:118 0:196 0:098 0:129
TZ2P 0:145 0:241 0:065 0:107 0:132 0:185 0:118 0:193 0:071 0:109 0:030 0:051
def2-SVPD 0:169 0:308 0:097 0:105 0:229 0:400 0:077 0:092 0:122 0:205 0:125 0:137
haDZ 0:210 0:324 0:010 0:023 0:178 0:296 0:027 0:052 0:112 0:171 0:025 0:029
aDZ 0:217 0:332 0:012 0:018 0:184 0:306 0:016 0:035 0:141 0:210 0:089 0:107
def2-TZVP 0:112 0:157 0:060 0:086 0:089 0:119 0:099 0:156 0:050 0:056 0:033 0:061
TZ 0:114 0:163 0:091 0:124 0:088 0:122 0:112 0:170 0:051 0:080 0:031 0:047
TZ2P(f,d) 0:129 0:185 0:041 0:063 0:106 0:143 0:090 0:137 0:062 0:096 0:014 0:020
def2-TZVPP 0:108 0:151 0:058 0:083 0:087 0:117 0:094 0:146 0:054 0:061 0:017 0:040
def2-TZVPD 0:062 0:101 0:009 0:015 0:064 0:098 0:036 0:081 0:044 0:047 0:020 0:025
TZ2P(f,d)+ 0:123 0:174 0:010 0:018 0:097 0:136 0:048 0:093 0:061 0:095 0:024 0:031
TZ2P(f,d)++ 0:121 0:172 0:011 0:022 0:097 0:136 0:044 0:090 0:061 0:095 0:028 0:035
haTZ 0:052 0:077 0:005 0:012 0:052 0:068 0:021 0:045 0:049 0:076 0:005 0:009
aTZ 0:048 0:071 0:006 0:011 0:048 0:061 0:020 0:042 0:036 0:055 0:019 0:022
QZ 0:052 0:068 0:039 0:055 0:040 0:046 0:056 0:080 0:038 0:058 0:013 0:021
haQZ 0:019 0:029 0:003 0:005 0:025 0:033 0:011 0:021 0:019 0:052 0:051 0:083
aQZ 0:020 0:030 0:002 0:005 0:020 0:026 0:008 0:017 0:015 0:023 0:008 0:009
With CP Corrections
6-31G*(.25) 0:221 0:343 0:258 0:396 0:163 0:256 0:272 0:433 0:042 0:060 0:101 0:215
DZ 0:359 0:537 0:324 0:494 0:280 0:424 0:334 0:528 0:074 0:112 0:147 0:245
DZP 0:454 0:684 0:315 0:490 0:372 0:571 0:339 0:551 0:113 0:166 0:153 0:253
DZP+ 0:427 0:645 0:277 0:439 0:351 0:534 0:309 0:508 0:123 0:181 0:142 0:240
DZP++ 0:426 0:644 0:276 0:438 0:350 0:533 0:308 0:506 0:115 0:181 0:133 0:238
TZ2P 0:160 0:229 0:186 0:287 0:138 0:188 0:215 0:341 0:067 0:102 0:089 0:142
def2-SVPD 0:209 0:330 0:144 0:248 0:198 0:318 0:175 0:314 0:057 0:137 0:079 0:147
haDZ 0:141 0:221 0:121 0:207 0:131 0:206 0:142 0:255 0:065 0:097 0:063 0:117
aDZ 0:142 0:221 0:119 0:204 0:132 0:207 0:139 0:250 0:070 0:103 0:061 0:106
def2-TZVP 0:128 0:180 0:144 0:214 0:108 0:145 0:172 0:267 0:056 0:085 0:051 0:089
TZ 0:132 0:185 0:158 0:232 0:111 0:154 0:174 0:268 0:056 0:090 0:071 0:108
TZ2P(f,d) 0:150 0:211 0:161 0:242 0:131 0:177 0:186 0:286 0:072 0:111 0:074 0:112
def2-TZVPP 0:125 0:175 0:141 0:210 0:108 0:146 0:165 0:254 0:064 0:100 0:065 0:101
def2-TZVPD 0:094 0:146 0:079 0:132 0:090 0:133 0:109 0:187 0:047 0:090 0:047 0:081
TZ2P(f,d)+ 0:150 0:201 0:150 0:227 0:174 0:170 0:174 0:271 0:073 0:112 0:069 0:107
TZ2P(f,d)++ 0:149 0:201 0:149 0:225 0:174 0:171 0:174 0:270 0:073 0:112 0:069 0:106
haTZ 0:089 0:136 0:037 0:066 0:087 0:130 0:053 0:091 0:069 0:109 0:033 0:040
aTZ 0:088 0:135 0:035 0:063 0:087 0:130 0:050 0:086 0:071 0:112 0:029 0:031
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Table S-III: Average absolute (AVG) and maximum absolute (MAX) deviations (in kcal
mol 1) of the Counterpoise corrected and uncorrected higher-order correlation corrections
from the CBS values for the NCCN dimer. Results presented in graphical format in Figure
S-3.
X PD T

CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD
AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX
Without CP Corrections
6-31G*(.25) 0:158 0:274 0:082 0:127 0:170 0:301 0:078 0:135 0:115 0:180 0:057 0:082
DZ 0:213 0:348 0:146 0:211 0:148 0:244 0:147 0:228 0:101 0:179 0:113 0:172
DZP 0:240 0:372 0:097 0:139 0:228 0:354 0:089 0:153 0:153 0:230 0:053 0:087
DZP+ 0:261 0:399 0:031 0:043 0:249 0:369 0:039 0:062 0:188 0:270 0:071 0:082
TZ2P 0:114 0:178 0:060 0:104 0:077 0:111 0:074 0:127 0:047 0:051 0:049 0:090
def2-SVPD 0:204 0:337 0:087 0:101 0:222 0:331 0:077 0:083 0:188 0:257 0:095 0:103
aDZ 0:150 0:251 0:007 0:008 0:113 0:180 0:012 0:029 0:092 0:126 0:022 0:023
TZ 0:075 0:114 0:064 0:096 0:049 0:075 0:073 0:117 0:040 0:053 0:063 0:102
def2-TZVP 0:079 0:120 0:038 0:062 0:059 0:085 0:063 0:102 0:042 0:052 0:056 0:093
TZ2P(f,d) 0:082 0:126 0:040 0:066 0:059 0:085 0:059 0:096 0:038 0:047 0:041 0:068
def2-TZVPP 0:079 0:120 0:038 0:062 0:071 0:162 0:006 0:008 0:042 0:052 0:056 0:093
def2-TZVPD 0:053 0:088 0:008 0:011 0:041 0:063 0:016 0:044 0:027 0:031 0:008 0:021
TZ2P(f,d)+ 0:097 0:144 0:011 0:031 0:066 0:092 0:025 0:058 0:049 0:059 0:013 0:033
aTZ 0:044 0:069 0:004 0:008 0:036 0:051 0:007 0:019 0:038 0:045 0:005 0:009
QZ 0:039 0:058 0:032 0:050 0:029 0:037 0:038 0:058 0:029 0:036 0:033 0:049
aQZ 0:019 0:029 0:002 0:003 0:015 0:022 0:003 0:008 0:016 0:019 0:002 0:004
With CP Corrections
6-31G*(.25) 0:138 0:227 0:144 0:242 0:138 0:229 0:158 0:280 0:579 0:922 0:311 0:635
DZ 0:190 0:295 0:206 0:331 0:149 0:232 0:219 0:364 0:093 0:130 0:188 0:306
DZP 0:235 0:362 0:211 0:347 0:197 0:299 0:211 0:359 0:134 0:186 0:172 0:289
DZP+ 0:247 0:378 0:191 0:319 0:192 0:291 0:187 0:325 0:131 0:182 0:149 0:257
TZ2P 0:095 0:142 0:130 0:210 0:061 0:084 0:126 0:210 0:025 0:028 0:099 0:166
def2-SVPD 0:154 0:247 0:105 0:189 0:119 0:191 0:105 0:203 0:070 0:087 0:080 0:155
aDZ 0:104 0:164 0:086 0:153 0:079 0:124 0:090 0:171 0:046 0:048 0:071 0:131
TZ 0:073 0:109 0:029 0:166 0:057 0:083 0:118 0:190 0:040 0:051 0:102 0:163
def2-TZVP 0:079 0:117 0:096 0:153 0:061 0:086 0:110 0:177 0:040 0:050 0:094 0:152
TZ2P(f,d) 0:086 0:128 0:109 0:173 0:062 0:087 0:111 0:177 0:037 0:046 0:090 0:143
def2-TZVPP 0:079 0:117 0:096 0:153 0:061 0:086 0:110 0:177 0:040 0:050 0:094 0:152
def2-TZVPD 0:067 0:107 0:059 0:104 0:054 0:084 0:066 0:119 0:041 0:053 0:052 0:094
TZ2P(f,d)+ 0:101 0:131 0:101 0:162 0:101 0:088 0:101 0:165 0:081 0:051 0:081 0:133
aTZ 0:064 0:102 0:029 0:053 0:058 0:090 0:032 0:059 0:056 0:078 0:026 0:048
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Table S-IV: Average absolute (AVG) and maximum absolute (MAX) deviations (in kcal
mol 1) of the Counterpoise corrected and uncorrected higher-order correlation corrections
from the CBS values for the P2 dimer. Results presented in graphical format in Figure S-4.
X PD T

CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD
AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX
Without CP Corrections
6-31G*(.25) 0:204 0:287 0:205 0:308 0:270 0:394 0:254 0:404 0:123 0:173 0:121 0:197
DZ 0:328 0:439 0:280 0:407 0:337 0:489 0:316 0:484 0:155 0:223 0:169 0:255
DZP 0:507 0:716 0:317 0:470 0:481 0:734 0:342 0:521 0:249 0:369 0:196 0:303
DZP+ 0:399 0:595 0:145 0:260 0:490 0:743 0:237 0:397 0:258 0:394 0:101 0:201
TZ2P 0:153 0:202 0:191 0:285 0:226 0:320 0:252 0:397 0:082 0:121 0:118 0:189
def2-SVPD 0:107 0:189 0:134 0:210 0:115 0:195 0:139 0:238 0:092 0:150 0:054 0:103
aDZ 0:138 0:217 0:110 0:187 0:208 0:314 0:166 0:283 0:083 0:117 0:058 0:109
TZ 0:080 0:088 0:136 0:194 0:145 0:199 0:200 0:310 0:035 0:043 0:086 0:133
def2-TZVP 0:073 0:079 0:129 0:184 0:137 0:184 0:192 0:297 0:033 0:040 0:079 0:121
TZ2P(f,d) 0:112 0:127 0:146 0:206 0:178 0:241 0:207 0:317 0:049 0:072 0:089 0:137
def2-TZVPP 0:067 0:069 0:127 0:181 0:133 0:178 0:191 0:295 0:029 0:034 0:078 0:119
def2-TZVPD 0:073 0:102 0:072 0:119 0:142 0:205 0:143 0:242 0:034 0:044 0:039 0:076
TZ2P(f,d)+ 0:091 0:119 0:052 0:096 0:200 0:278 0:155 0:256 0:076 0:113 0:051 0:097
aTZ 0:022 0:025 0:033 0:064 0:100 0:145 0:097 0:170 0:014 0:015 0:013 0:030
QZ 0:012 0:017 0:061 0:091 0:100 0:142 0:128 0:199 0:012 0:014 0:041 0:062
aQZ 0:009 0:010 0:014 0:026 0:002 0:004 0:016 0:032 0:006 0:006 0:006 0:013
With CP Corrections
6-31G*(.25) 0:182 0:248 0:250 0:396 0:160 0:210 0:266 0:426 0:102 0:132 0:159 0:260
DZ 0:339 0:468 0:297 0:457 0:276 0:377 0:319 0:501 0:169 0:236 0:192 0:305
DZP 0:515 0:746 0:330 0:510 0:499 0:753 0:370 0:583 0:265 0:391 0:216 0:345
DZP+ 0:456 0:661 0:289 0:457 0:475 0:716 0:340 0:539 0:245 0:367 0:194 0:317
TZ2P 0:233 0:320 0:254 0:394 0:266 0:363 0:310 0:489 0:121 0:166 0:166 0:265
def2-SVPD 0:152 0:231 0:195 0:312 0:124 0:182 0:216 0:258 0:073 0:103 0:396 0:690
aDZ 0:122 0:186 0:158 0:264 0:099 0:136 0:177 0:301 0:060 0:081 0:098 0:170
TZ 0:108 0:133 0:170 0:255 0:071 0:076 0:184 0:279 0:054 0:065 0:109 0:169
def2-TZVP 0:118 0:149 0:174 0:262 0:075 0:079 0:186 0:280 0:061 0:075 0:111 0:170
TZ2P(f,d) 0:212 0:280 0:213 0:322 0:243 0:325 0:266 0:410 0:109 0:147 0:137 0:212
def2-TZVPP 0:115 0:143 0:172 0:259 0:073 0:077 0:184 0:277 0:059 0:071 0:110 0:168
def2-TZVPD 0:078 0:111 0:110 0:180 0:057 0:067 0:186 0:212 0:041 0:055 0:072 0:121
TZ2P(f,d)+ 0:180 0:220 0:180 0:276 0:235 0:301 0:235 0:378 0:121 0:127 0:121 0:192
aTZ 0:051 0:072 0:057 0:098 0:038 0:046 0:065 0:114 0:038 0:052 0:034 0:061
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Table S-V: Average absolute (AVG) and maximum absolute (MAX) deviations (in kcal
mol 1) of the Counterpoise corrected and uncorrected higher-order correlation corrections
from the CBS values for the PCCP dimer. Results presented in graphical format in Figure
S-5.
X (PD T

CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD 
CCSD(T)
MP2 
CCSD(T)
CCSD
AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX
Without CP Corrections
6-31G*(.25) 0:533 0:782 0:333 0:457 0:326 0:470 0:301 0:462 0:227 0:314 0:177 0:284
DZ 0:888 1:256 0:532 0:718 0:540 0:795 0:467 0:686 0:360 0:548 0:295 0:458
DZP 1:170 1:656 0:434 0:576 1:000 1:371 0:550 0:842 0:541 0:815 0:301 0:472
DZP+ 1:062 1:525 0:066 0:167 0:941 1:288 0:330 0:590 0:485 0:743 0:071 0:200
TZ2P 0:396 0:542 0:218 0:302 0:540 0:712 0:414 0:658 0:199 0:275 0:201 0:320
def2-SVPD 0:187 0:362 0:072 0:129 0:183 0:324 0:123 0:236 0:114 0:185 0:036 0:114
aDZ 0:295 0:463 0:116 0:184 0:205 0:308 0:133 0:238 0:151 0:216 0:057 0:126
TZ 0:281 0:361 0:219 0:277 0:147 0:187 0:046 0:325 0:096 0:120 0:143 0:213
def2-TZVP 0:253 0:325 0:168 0:215 0:154 0:190 0:205 0:301 0:090 0:107 0:127 0:189
TZ2P(f,d) 0:329 0:432 0:155 0:200 0:480 0:627 0:356 0:552 0:152 0:208 0:154 0:233
def2-TZVPP 0:242 0:310 0:167 0:215 0:411 0:585 0:335 0:524 0:090 0:106 0:127 0:189
def2-TZVPD 0:130 0:207 0:032 0:060 0:342 0:515 0:236 0:409 0:042 0:055 0:056 0:110
TZ2P(f,d)+ 0:296 0:388 0:019 0:048 0:442 0:588 0:247 0:429 0:109 0:177 0:055 0:130
aTZ 0:053 0:083 0:023 0:046 0:018 0:022 0:043 0:088 0:017 0:019 0:012 0:037
QZ 0:097 0:115 0:086 0:112 0:051 0:054 0:101 0:144 0:038 0:039 0:061 0:090
aQZ 0:022 0:035 0:010 0:020 0:008 0:009 0:018 0:038 0:007 0:008 0:005 0:016
With CP Corrections
6-31G*(.25) 0:498 0:687 0:481 0:700 0:275 0:276 0:427 0:666 0:175 0:230 0:260 0:416
DZ 0:968 1:366 0:641 0:929 0:570 0:807 0:581 0:894 0:360 0:516 0:378 0:595
DZP 1:271 1:836 0:673 0:999 1:011 1:513 0:709 1:128 0:527 0:785 0:418 0:667
DZP+ 1:132 1:637 0:569 0:862 0:957 1:426 0:646 1:042 0:158 0:391 0:893 1:132
TZ2P 0:476 0:644 0:432 0:626 0:575 0:811 0:537 0:851 0:214 0:279 0:296 0:463
def2-SVPD 0:347 0:544 0:321 0:502 0:197 0:385 0:322 0:547 0:165 0:238 0:209 0:366
aDZ 0:253 0:389 0:261 0:414 0:159 0:225 0:260 0:447 0:104 0:140 0:156 0:279
TZ 0:330 0:425 0:332 0:458 0:182 0:234 0:308 0:458 0:109 0:137 0:204 0:307
def2-TZVP 0:307 0:403 0:301 0:421 0:197 0:252 0:296 0:442 0:114 0:141 0:193 0:292
TZ2P(f,d) 0:445 0:591 0:371 0:523 0:543 0:763 0:477 0:741 0:192 0:252 0:245 0:371
def2-TZVPP 0:300 0:393 0:301 0:419 0:195 0:249 0:295 0:440 0:094 0:113 0:161 0:243
def2-TZVPD 0:169 0:259 0:164 0:252 0:117 0:170 0:190 0:313 0:069 0:094 0:122 0:203
TZ2P(f,d)+ 0:321 0:530 0:321 0:458 0:441 0:725 0:441 0:696 0:217 0:224 0:217 0:336
aTZ 0:132 0:203 0:082 0:133 0:088 0:126 0:091 0:159 0:066 0:093 0:053 0:098
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Figure S-1: Counterpoise corrected mean (top) and maximum (bottom) absolute deviations
from the CBS limit higher-order correlation corrections for the X, PD and T congurations
of the HCCH dimer. The CCSD deviations are shown below the x-axis for clarity (i.e., as
 MAD CCSD(T)MP2 and  MAX CCSD(T)CCSD ). Results tabulated in Table S-I.
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Figure S-2: Counterpoise corrected mean (top) and maximum (bottom) absolute deviations
from the CBS limit higher-order correlation corrections for the X, PD and T congurations
of the HCCCCH dimer. The CCSD deviations are shown below the x-axis for clarity (i.e.,
as  MAD CCSD(T)MP2 and  MAX CCSD(T)CCSD ). Results tabulated in Table S-II.
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Figure S-3: Counterpoise corrected mean (top) and maximum (bottom) absolute deviations
from the CBS limit higher-order correlation corrections for the X, PD and T congurations
of the NCCN dimer. The CCSD deviations are shown below the x-axis for clarity (i.e., as
 MAD CCSD(T)MP2 and  MAX CCSD(T)CCSD ). Results tabulated in Table S-III.
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Figure S-4: Counterpoise corrected mean (top) and maximum (bottom) absolute deviations
from the CBS limit higher-order correlation corrections for the X, PD and T congurations
of the P2 dimer. The CCSD deviations are shown below the x-axis for clarity (i.e., as  MAD

CCSD(T)
MP2 and  MAX CCSD(T)CCSD ). Results tabulated in Table S-IV.
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Figure S-5: Counterpoise corrected mean (top) and maximum (bottom) absolute deviations
from the CBS limit higher-order correlation corrections for the X, PD and T congurations
of the PCCP dimer. The CCSD deviations are shown below the x-axis for clarity (i.e., as
 MAD CCSD(T)MP2 and  MAX CCSD(T)CCSD ). Results tabulated in Table S-V.
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Figure S-6: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and devi-
ations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the X conguration of the HCCH dimer.
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Figure S-7: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and devi-
ations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the PD conguration of the HCCH dimer.
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Figure S-8: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and devi-
ations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the T conguration of the HCCH dimer.
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Figure S-9: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and devi-
ations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the X conguration of the HCCCCH dimer.
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Figure S-10: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the PD conguration of the HCCCCH dimer.
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Figure S-11: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the T conguration of the HCCCCH dimer.
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Figure S-12: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the X conguration of the NCCN dimer.
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Figure S-13: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the PD conguration of the NCCN dimer.
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Figure S-14: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the T conguration of the NCCN dimer.
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Figure S-15: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the X conguration of the P2 dimer.
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Figure S-16: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the PD conguration of the P2 dimer.
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Figure S-17: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the T conguration of the P2 dimer.
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Figure S-18: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the X conguration of the PCCP dimer.
110
1.00
1.50
2.00
2.50
3.00
3.50
4.00
 3.3  3.4  3.5  3.6  3.7  3.8  3.9  4  4.1
δC
C S
D (
T )
M
P 2
 
 
 
 
 
/  k
c a
l  m
o l
−
1
CBS
AQZ
ATZ
def2−TZVPD
ADZ
def2−SVPD
−2.00
−1.80
−1.60
−1.40
−1.20
−1.00
−0.80
−0.60
 3.3  3.4  3.5  3.6  3.7  3.8  3.9  4  4.1
δC
C S
D (
T )
C C
S D
 
 
 
 
 
/  k
c a
l  m
o l
−
1
−0.40
−0.20
0.00
0.20
0.40
3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1
∆ δ
 
D
e v
i a
t i o
n  
  /
 k
c a
l  m
o l
−
1
R / Å
Figure S-19: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the PD conguration of the PCCP dimer.
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Figure S-20: Higher-order correlation eects (
CCSD(T)
MP2 top and 
CCSD(T)
CCSD middle) and de-
viations from the CBS limit (bottom) for select basis sets over a range of intermolecular
distances for the T conguration of the PCCP dimer.
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